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Abstract
In recent years CdZnTe has been identified as an attractive alternative semicon­
ductor material for the fabrication of radiation detectors. However, the poor hole 
transport properties have forced researchers to turn towards pixelated detectors in 
order to utilise the small pixel effect and minimise the contribution of holes in the 
output signal.
This project focuses on the study of charge sharing and how the performance of a 
pixelated detector can be improved with the addition of a steering electrode. Silvaco 
ATLAS, a simulation software package, is used in this work along with the PIXIE 
ASIC to study these effects theoretically and experimentally. Two different detectors 
are used our measurements, which include general spectroscopy and collimated X-ray 
beam experiments.
The simulations showed that the use of a steering electrode changes the electric field 
and potential distributions, which should reduce any charge sharing or charge loss. 
It is important however, for the steering electrode to have the right bias based on 
the anode geometry and also not to be shorted to an anode pixel. If the latter occurs 
then there is significant charge loss through the steering electrode.
The two detectors demonstrated good energy resolution for the largest of the four 
arrays included in the PIXIE anode pattern. It was also shown that the amount of 
charge sharing is increased with decreasing pixel size and pitch. The performance of 
pixelated detectors is affected by pixel gain matching and the cathode bias, which 
determines the charge cloud diffusion and charge collection efficiency. The collimated 
X-ray beam experiments showed that pixelated detectors suffer from charge loss in 
the inter-pixel gap and that the cathode bias plays a bigger role in the amount of 
charge sharing than the incident radiation energy. Finally, our results show that 
care needs to be taken when devices are bonded to the ASIC, because when the 
steering electrode is shorted to an anode pixel the performance of the detector drops 
significantly and the amount of charge loss in the inter-pixel gap can be as high as 
80%.
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Chapter 1
Introduction
Ever since ionising radiation was discovered by scientists like Rontgen, the need was 
created for finding ways of detecting and measuring accurately and efficiently these 
different types of radiation. The first detectors were simple, like the fluorescent 
screen developed by Rontgen, but since then various detectors have been developed. 
There are three main groups that these detectors belong to: gas filled detectors, 
scintillation detectors and semiconductor detectors.
The Geiger-Muller (G-M) tube represents the most common gas-filled radiation 
detector and it can be used to detect different kinds of radiation like alpha and 
beta particles as well as X-rays and gamma rays. It consists of a chamber that 
contains an inert gas, like Argon, at low pressure and at a high potential difference 
between the two electrodes. It makes use of the Townsend avalanche phenomenon 
where the incident ionising radiation creates ion pairs in the gas, which are then 
accelerated by the high electric field causing further ionisations, and finally creating 
an avalanche that is collected by the anode to give rise to a measurable current 
signal. Since there is a multiplication effect taking place the resulting signal does 
not contain any energy information of the incoming radiation thus making the G-M 
tube useful only for radiation monitoring and not for spectroscopy purposes.
The first detector that was able to provide spectroscopic information of the in­
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coming radiation was the scintillation detector. These detectors are made up of a 
scintillation crystal coupled to a photomultiplier tube (PMT). When the incident 
radiation interacts with the atoms in the scintillation crystal it causes them to get 
excited and then de-excite releasing the absorbed energy in the form of visible or 
near-visible photons. These photons then hit the photocathode part of the PMT 
where through the photoelectric effect electrons are emitted which are then multi­
plied through the increasing potential differences between the PM T’s dynodes. The 
final current signal is proportional to the energy of the incident radiation event 
making scintillator detectors useful for spectroscopic measurements and with high 
efficiency. However, because there are many conversion steps from the initial event 
to the final measured output which are inefficient these detectors suffer from poor 
energy resolution. Depending on the scintillating material used different types of 
radiation can be detected.
The need for better energy resolution systems led to the development of semiconduc­
tor detectors, where the conversion of radiation events to electrical pulses is a one 
step process by creating electron-hole pairs (ehp). The most commonly used mate­
rials used for X-ray and gamma ray detection have been silicon (Si) and germanium 
(Ge) with both demonstrating very good energy resolution. However, both have 
certain disadvantages in terms of efficiency above certain energies (Si) or requiring 
bulky cooling systems in order to operate (Ge). This led the attention of scientists 
to new semiconducting (and semi-insulating) materials and Cadmium Zinc Telluride 
(GZT) has emerged as a promising candidate.
1.1 Sem iconductor D etectors
As described above for a material to work as a radiation detector the incident ra­
diation has to interact and deposit its energy in the material. Then the deposited 
energy, depending on the mechanism of interaction, has to be collected and con­
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verted to an electrical signal in order to be analysed and processed. Semiconductor 
detectors operate by applying a voltage on the surfaces of the detector which is used 
to collect the ehp that are created by the incident radiation (Fig. 1.1), much like the 
ion pairs created in a gas filled detector. In order for that to happen as efficiently 
as possible the detector needs to be able to operate at high voltage bias while at the 
same time keeping leakage low, and also create a large number of charge carriers, 
for good signal to noise ratio, that can move freely through the material. These two 
contrasting properties have made semiconducting material the interest of extensive 
research.
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Figure 1.1: The operation of a typical semiconductor detector [1].
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As mentioned above Si and Ge have been the materials of choice due to their energy 
resolution and ease of production, but have certain disadvantages which include 
small band gaps and lower atomic numbers compared to other materials as shown 
in Table 1.1. The lower band gap the more charge carriers are created per event 
(lower W-values), but it also means that these materials are more susceptible to 
higher dark currents, hence the required and impractical cooling systems for Ge.
A low atomic number means that the stopping power and hence the detection ef­
ficiency of that material is low. As Figure 1 . 2  shows. Si has the lowest linear at­
tenuation coefficient throughout the whole range of energies, making it useful only 
for the detection of low energy photons. For photons above 50keV the plot shows 
that CZT has the highest stopping power out of the three materials. This means 
that a smaller detector thickness is required for high energy photons to stop in the
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M ateria l Cdo.gZno.iTe GdTe Ge Si
A tom ic N um ber 49.1 50 32 14
D ensity  (gcm “^) 5.78 5.85 5.33 2.33
B and  G ap (eV) 1.57 1.51 0.67 1.12
W -V alue (eV) 4.6 4.4 3 3.6
R esistiv ity  (flcm) 10 °^ 10^ 50 <10^
E lectron  M obility  pe (cm'^V“ ^s“ )^ 1000 1100 3900 1400
E lectron  Lifetim e ig (s) 3xlO-(^ 3xlO-G 10-^ 10"^
Hole M obility  ph (cm^V“^s“ )^ 10-80 100 1900 480
Hole Lifetim e ih (s) IxlO-G 2x10-^ 10-^ 2x10-^
Table 1 .1 : A comparison of different detector material properties [2 ].
detector and deposit their energy, which is useful for smaller sized detecting systems 
and certain applications.
1 0 0 0 0
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CZT
Germanium
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10 100
Photon Energy (keV)
1 1000
Figure 1.2: Plot of photon stopping power for Si, Ge, and CZT [3].
The aforementioned disadvantages of Si and Ge has turned the attention to com­
pound semiconductors that have the advantage of being comprised by two (binary) 
or more (ternary) elements, which can be chosen carefully in order to create materi­
als with application specific properties. Examples of compound semiconductors that 
have been developed are Gallium Arsenide (GaAs), Aluminium Gallium Arsenide 
(AlGaAs), Cadmium Telluride (GdTe), Cadmium Zinc Telluride (CdZnTe or CZT) 
and Mercuric Iodide (HgC). One of the drawbacks of compound semiconductors is
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the difficulty in growing large volumes of defect and impurity free crystals. However, 
recent developments have improved the yield of high quality CZT crystals, which is 
the material under investigation in this project.
1.2 C adm ium  Zinc Teluride (CZT)
One of the binary (II-VI) compound semiconductors mentioned above is Cadmium 
Telluride (CdTe) and its crystal is made up of equal parts of Cd (Z=48) and Te 
(Z=52). Its properties (Table 1.1) include high density (5.85gcm“  ^ compared to 
2.33gcm“  ^ for Si) and a large band gap (1.51eV) with relatively good charge trans­
port properties, which make it a good candidate for y-ray detectors.
If some of the Cd atoms in the crystal are replaced during the growth process by Zn 
atoms, the resulting ternary compound Cdi_a,Zna,Te exhibits improved properties to 
CdTe. When 1/10 of Cd atoms are replaced the resulting material (Cdo.gZno.iTe) has 
an increased band gap of 1.57eV, which increases resistivity thus reducing leakage 
currents. The increased band gap is due to the fact that the dislocation density, 
and hence sources of trapping, are reduced, retaining the good charge transport 
properties.
Even though the electron mobility for CZT is of the order of 1000cm^V“^s“ ,^ the 
hole mobility is poor and has been measured to be in the range of 10-80cm^V“^s~ .^ 
The poor hole transport properties is thought to be due to trapping phenomena from 
defects and impurities that are created during the crystal growth. The effect of the 
poor hole transport and hence the incomplete hole collection in CZT is detrimental 
to a detector’s performance, adding low energy tailing in the photopeak, which 
affects the energy resolution of the detector. That is why a lot of research effort has 
been directed in finding ways of reducing or totally removing the hole contribution 
in the way a CZT radiation detector operates.
1.3. CZT PIXELATED DETECTORS
1.3 CZT P ix e la ted  D etectors
A way of bypassing the negative effects of poor hole transport in CZT, is by creating 
sensors that have a planar cathode and a pixelated anode making use of the ’small 
pixel effect’. By segmenting the anode (positive electrode) into an array of smaller 
elements compared to the cathode, the contribution of holes to the output signal 
is significantly reduced [4], which improves the spectroscopic performance of the 
detector [5]. Pixelated CZT detectors have a large potential in many different fields 
of application, mainly in medicine, particle physics, security and astronomy [6-9]. 
Depending on the application the pixel size and pitch can be carefully chosen. For 
example in medical imaging where spatial resolution is of high importance the pixel 
size and pitch needs to be as small as possible. However, depending on the anode 
size and pitch the created charge can be shared between two or more pixels and/or 
be lost in the inter-pixel gap affecting the performance of the detector [1 0 , 1 1 ].
Even though charge shared events can be corrected for but charge that is lost in 
the gap is difficult to be accounted for. One way of improving detector performance 
by reducing charge sharing and charge is the introduction of an additional electrode 
between the pixels at a negative bias relative to the anode potential. This electrode 
is called a steering electrode (or steering grid (SG)) and it has shown to improve 
detector performance [12]. However, the existence of such an electrode between 
pixels can increase surface leakage currents or electrode cross-talk and it also places 
added pressure and difficulties in the fabrication process [12,13].
This project is based on the study of all of the above phenomena using a pixelated 
detector named PIXIE [14,15]. A PIXIE sensor consists of four 3x3 arrays with 
a variety of pixel geometries where two of them also include a steering electrode. 
Two Redlen Technologies CZT detectors were used during this project that were 
fabricated with two different techniques, one was commercially fabricated and the 
other was fabricated at the facilities of the Physics Department at the University
6
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of Surrey. The spectroscopic performance of both detectors was studied, as well 
as charge sharing and the effect of the steering electrode. Focused X-ray beam 
studies were performed at the Diamond Light Source synchrotron facilities and at 
Rutherford Appleton Laboratory using a lab based X-ray tube for a more in depth 
analysis of the charge sharing phenomena.
Additionally, the Silvaco ATLAS simulation package was used to try and model 
pixelated CZT devices in order to study their electric properties and how these 
are affected by the introduction of a steering electrode. Also, the focused beam 
experiments were simulated as a comparison between theory and practice.
1.4 T hesis O utline
As described above pixelated anodes and the use of steering electrodes are a means 
of improving the performance of CZT radiation detectors. However, the use of 
small anodes and steering grids can have its own drawbacks such as charge sharing 
or charge loss, and increased leakage currents and noise. These phenomena were 
studied in this project with the help of two CZT pixelated detectors with an anode 
structure and an ASIC specifically designed for this. A description of what of each 
of the next few chapters contain follows.
• Chapter 2
Chapter 2 , focuses the theory that forms the basis of this project and covers 
the operating principles of semiconductor detectors. Also, the interactions 
between electromagnetic radiation and matter are described, followed by a 
discussion into the generation of charge carriers. Charge induction, signal 
creation and the small pixel effect are explained through the Shockley-Ramo 
theorem. Finally, there is a mention of the various defects in CZT and how 
they can affect the performance of a detector.
7
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• Chapter 3
Chapter 3, presents the various experimental methods, materials and tech­
niques used during this project. First, the PIXIE anode structure and ASIC 
and their features are described, followed by the fabrication process used for 
one of the two detectors. Then the rest of the digital acquisition system is 
described, which includes the 9 channel waveform digitiser that records the 
raw data, and the LabView software that was created for the analysis of the 
recorded data. This is followed by a brief description of the two methods 
used to perform current-voltage (IV) measurements on the two detectors for 
their electrical characterisation. Also presented in this chapter, is the the ba­
sic theory and operation principles of the simulation software package Silvaco 
ATLAS that was used for our simulations. Finally, the experimental setups 
for the spectroscopic performance measurements and the focused X-ray beam 
experiments are described.
• Chapter 4
Chapter 4, describes the models used in the simulations along with how a CZT 
device was modelled using Silvaco ATLAS. The results of these simulations are 
presented, which include the electrical properties of pixelated devices used in 
the actual experiments and how these are affected by the presence of steering 
electrode, as well as simulations of the focused X-ray beam experiment at the 
Diamond Light Source.
• Chapter 5
Chapter 5, finally presents the results from the range of experimental mea­
surements performed. Initially, the general spectroscopic performance of the 
two detectors and of the overall system is described. This also provides a 
first look into how the performance of pixelated detector is affected by charge 
sharing depending on the anode pixel geometry. Then the results from the
1.4. THESIS OUTLINE
two different focused X-ray beam experiments are presented. These include 
the results from line scans performed on a Redlen PIXIE sensor, using a 20pm 
wide monochromatic X-ray beam at the Diamond Light Source, in order to 
study if and how charge sharing and the performance of a detector changes 
with the use of a steering electrode. The second experiment described was 
performed at RAL using a Tungsten (W) X-ray tube, where similar line scans 
were performed on the second PIXIE sensor with varying cathode and steering 
electrode biases as well as different beam energies.
Chapter 6
Chapter 6 , is the final chapter of this thesis and contains a summary of the 
major findings of this project and discusses any possible ideas for future work.
Chapter 2
Radiation D etection Physics
In order to be able to understand how a CZT radiation detector operates, it is 
important to know how a radiation event is converted into a signal output. This 
chapter deals with this by describing the various interactions that take place between 
ionising radiation and the detector material, which is essentially how charge carriers 
are generated. This is then followed by a discussion on how these carriers induce a 
signal on the detector’s electrodes. Also, pixelated detectors will be discussed and 
how the contribution of holes can be removed from the output signal via the small 
pixel effect, as well as the problems that arise using segmented anodes.
2.1 R adiation  Interactions W ith  M atter
As already mentioned for a radiation detector to produce an output when a radiation 
event occurs the incident radiation needs to interact with the atoms of the detector 
material and deposit part or all of its energy within the detector. In the case of 
electromagnetic radiation like X-rays and y-rays there are mainly three interactions 
that take place; these being photoelectric absorption, Compton scattering and pair 
production. Figure 2.1 displays how the probability for each interaction depends on 
the atomic number (Z) of the material and the photon energy.
10
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Figure 2.1: The relative importance of the three major X-ray and y-ray interactions 
as a function of Z of the material and photon energy in MeV [1].
2.1.1 Photoelectric Absorption
As Figure 2 . 1  shows, photoelectric absorption is the dominant interaction process for 
photon energies up to about lOOkeV and it is the most important for a spectroscopic 
detector, because during this interaction an incident photon deposits all of its energy. 
During photoelectric absorption the incoming photon interacts with a tightly bound 
inner (K-shell) electron and transfers all of its energy to that electron. The electron 
now has enough energy to be ejected from the atom (ionisation) with an energy 
given by the following equation:
Ee = hu — Eb (2.1)
where, h is Planks constant, v is the frequency of the radiation and is the binding 
energy of the atomic electron.
With the electron removed the atom is left in a state of higher energy (excited) and 
in the process of de-excitation the excess energy is emitted either in the form of 
characteristic X-rays, where the vacancy is filled by other electrons from an outer 
shell (Fig. 2 .2 ), or in the form of Auger electrons, if the emitted characteristic 
photon interacts by an outer shell electron.
11
2.1. RADIATION INTERACTIONS W ITH M ATTER
Characteristic
radiation
Ejected
photoelectron
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Figure 2 .2 : Photoelectric absorption.
It is difficult to calculate the probability with which a photon will interact through 
photoelectric absorption as there is no single analytical expression for it. An ap­
proximation however, is given in Equation 2.2, where the photoelectric absorption 
probability (t p e ) is given as a function of the atomic number (Z) and the photon 
energy (E^).
TPE (2 .2)
where, the value of the exponent n ranges between 3 and 4. Equation 2.2 clearly 
displays why detector materials with a high atomic number (like CZT) are of such 
importance in X-ray and y-ray detection, since the probability of the preferred in­
teraction of photoelectric absorption depends highly on Z.
2.1.2 Compton Scattering
From Figure 2.1 is seen that the second interaction of X-rays and y-rays and matter 
is Compton scattering. This interaction is the scattering of an incident photon by 
a loosely bound (low binding energy), outer shell, electron, transferring some of its 
energy to that electron knocking it out of the atom. The scattered photon has a 
lower energy (larger wavelength) compared to the incident photon. If we assume
12
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that the electron is at rest before the ’collision’, the photon is scattered at an angle 
-0 and the electron is recoiled at an angle (p as seen in Figure 2.3.
S ca tte re d  p h o to n  
f = h y '
Incident photon
vAAAA/^i
E=hv
.R eco il e lec tro n
Figure 2.3: The geometry of Compton scattering.
Through conservation of energy and momentum we can derive Equation 2.3 that 
can help us calculate the energy of the scattered photon (E’).
^  . E ( l-c o s 0 )
moc^1 +
where, E is the energy of the incident photon, " 8 is the scattering angle, and ttiqc  ^ is 
the rest mass energy of the electron (511keV). The energy of the recoiled electron 
(Ee), which is the detected particle, is the difference in energy between the incident 
and scattered photons, Ee = E  — E '. The interaction probability for Compton 
scattering increases with the material’s atomic number as it depends on the existence 
of loosely bound electrons, which again explains the need for high Z materials to be 
used as radiation detectors.
2.1.3 Pair Production
The final interaction presented here is pair production, which only applicable for 
high energy y-rays. During pair production the initial y-ray photon interacts with
13
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the nucleus of an atom and in its place an electron and a positron are created. The 
presence of the nucleus and its Coulomb field are necessary for the interaction to take 
place, as the nucleus recoils in order to conserve momentum. The other requirement 
is for the photon to have enough energy for the two particles to be created. Based on 
Equation 2.4 and for energy to be conserved, the minimum photon energy required 
is equal to twice the rest mass energy of an electron, since an electron and a positron 
have the same mass, which is 2x51 I k e 1 . 0 2 2 M e V .
E^ = T+ T 7tiq(? T  T_ +  ttlqc?  (2.4)
where, T+ and T_ are the kinetic energies of the created positron and electron 
respectively, and is the rest mass energy of an electron.
2.1.4 A ttenuation Coefficients
In the previous sections the main interactions of X-rays and y-rays were described 
and how they can deposit their energy within a detecting material. Here a new 
quantity is presented, which characterises how effective a material is in absorbing this 
kind of radiation or how quickly the radiation is attenuated. The sum of probabilities 
per unit length of each of the above interactions, defines the linear attenuation 
coefficient (/i) of the material, which is given by the following equation:
/i =  TpE +  (Jcs +  (2.5)
where, i p e  ^ oqs and xpp are the probability per unit length for photoelectric ab­
sorption, Compton scattering and pair production respectively.
Using the concept of linear attenuation, one can calculate how much an X-ray beam 
of a set energy will be attenuated by a given thickness of a material. If we assume 
that the initial intensity of the beam is Iq and the thickness of the material is t, then
14
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the resulting intensity I  is given by Equation 2.6:
;  =  (2.6)
However, linear attenuation coefficient as a quantity is limited by the fact that its 
value depends on the density (p) of the material even if the material itself does not 
change. For example, carbon comes in various allotropie forms like graphite, dia­
mond, and amorphous carbon all with different densities and hence different linear 
attenuation coefficients. For this reason another, more useful, quantity is mass at­
tenuation coefficient {^ /^p) and is defined as the linear attenuation coefficient divided 
by the density of the material, so for a given photon energy the mass attenuation 
coefficient does not change with the state of the material. The attenuation law in 
terms of mass attenuation coefficient is given by Equation 2.7.
1 =  /oe“ (?)'" (2.7)
where, pt is the mass thickness of the absorbing material. In the case of a compound 
or mixture the mass attenuation coefficient is calculated using the mixture rule:
where, W{ is the fraction by weight and (^p)i is the mass attenuation coefficient of 
the %th constituent element of the compound or mixture.
Figure 2.4 displays the mass attenuation coefficient for Cdo.9 Zno.1 Te as a function of 
photon energy, and how this is made up of the three interactions described earlier and 
each of their probabilities to occur. It also shows how the predominant interaction
changes with increasing energy and the fact that pair production begins only after
1.022MeV. One can observe the kinks in the photoelectric absorption curve at certain 
energies. These jumps are absorption edges and the energies correspond to the
15
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binding energies of electrons in the K-shell, which for Cd and Te are 26.7 keV and 
31.8 keV respectively. Above these energies characteristic X-rays can be emitted 
from the Cd and Te atoms in the crystal, which can affect the performance of a 
detector.
Photon Energy (MeV)
'fe 1 .0 0 Ï-0 1
—  Con'ptcn Scattering 
' ' ' Photoelectric Absorption
Figure 2.4; Mass attenuation coefficient as a function of photon energy for CZT [16]
2.2 Sem iconductor Physics
In this section, certain electrical properties of semiconductors and of CZT will be 
presented. Also the production of output signals in a detector will be described.
2.2.1 Band Gap and Band Structure
The atoms within any crystalline material, which includes semiconductors, form a 
lattice that has a periodic structure. This periodic structure and bonding of atoms 
forces electrons, due to the Pauli exclusion principle, to form molecular orbitals each 
with a different energy, which in turn form energy bands. The energy of the electrons 
in that material must be confined to these energy bands, which may be separated by
16
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a range of forbidden energies or gaps. Figure 2.5 shows a simplified representation of 
these bands, where the valence band represents the highest range of energies where 
the electrons are still bound to specific lattice sites. The conduction band is the next 
available range of energies and it is occupied by electrons that have received enough 
energy to leave the atom and are free to move through the crystal lattice, creating 
an electron hole pair. It is these free electrons that contribute to the conductivity of 
the material. Between these two bands exists the forbidden range of energies, called 
the band gap.
overlap
Conduction "
__ _ -4 F z^band ^
...6CJL------ ---
Fermi level
Valmce
Baiidgap
metal semiconductor insulator
Figure 2.5: Band structure for metals, semiconductors and insulators [17].
There are two types of band gaps in semiconductors, depending on the band struc­
ture, direct and indirect as seen in Figure 2.6 that displays electron energies against 
crystal momentum. In a direct band gap the maximum of the valence band has the 
same momentum as the minimum of the conduction band, which means that for an 
electron to jump to the conduction band, and create an electron-hole pair, requires 
only a photon with energy Eg and almost no change in its momentum.
On the other hand, in the case of an indirect band gap, there is a difference in 
the momenta between the maximum of the valence band and the minimum of the 
conduction band. So in order for an electron hole pair to be created the electron 
needs to change its momentum as well as its energy. Therefore, apart from the 
photon, another particle named a phonon, which is a particle associated with lattice
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Figure 2.6: Schematic representation of band structures for (a) direct and (b) indi­
rect band gaps [18].
vibrations, is required for the electron to increase or decrease its momentum. This 
means that for an indirect band gap material (eg. Si) the probability of a photon 
interacting and being absorbed is smaller than that of a direct band gap material [19]. 
All of the above show that the band gap is of great importance on the characteri­
sation of a material, determining its properties making it a conductor, an insulator 
or a semiconductor since it determines how easy it is for electrons to jump from the 
valence band to the conduction band, creating electron hole pairs. The probability 
per unit time for an electron hole pair to be thermally generated is given by:
(2.9)
where, T  is the absolute temperature. Eg is the band gap energy, k the Boltzmann 
constant and C is a material dependent proportionality constant. Equation 2.9 
shows the dependence between band gap and electron hole pair generation and how 
important it is for the band gap to be large enough in order to avoid large numbers 
of electron hole pairs being created, which leads to high leakage currents that are 
detrimental to detector performance.
It is the crystal structure of the material that defines the band structure described 
above. In the case of CZT, its crystalline structure is a ’Zinc Blende’ structure which
18
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Figure 2.7: The Zinc Blende Structure (ZnS) unit cell [20].
is displayed in Figure 2.7. In this type of crystalline structure the two main atoms, 
Cd and Te, form two inter-penetrating face centred cubic (fee) lattices. As Figure 2.7 
shows the atoms form tetrahedral structures, with each central atom being bonded 
to four atoms of the opposite type. Other semiconducting materials with the same 
crystal structure are InSb, G a As and GaP.
A material’s properties will ultimately then depend on the characteristics of its 
crystal structure like the lattice constant, which is the distance between unit cells. 
In the case of the band gap, its dependence to the lattice constant is shown in 
Figure 2.8 for various II/VI compounds. Gompared to elemental semiconductors, 
compound ones have the advantage of being able to be manipulated in order to 
achieve specific properties depending on the application. For example CdTe at 
room temperature has a band gap energy value of 1.5eV, which is defined by its 
lattice constant. Replacing some Gd atoms with Zn atoms the lattice will decrease, 
increasing in turn the band gap as Figure 2.8 clearly shows. This figure also shows 
that depending on the fraction of Gd atoms replaced one can achieve a range of 
band gaps from 1.5eV (GdTe), to 2eV in the case of Gdo.3 Zno.7 Te where 70% of Gd
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Figure 2.8: The band gap of II/VI semiconductors as a function of lattice constant 
[21].
2.2.2 Charge Carrier Generation
Radiation interactions within the detector will lead to the material’s atoms becoming 
ionised, which means electrons are promoted to the conduction band creating holes in 
the valence. The number of electron hole pairs generated depends on the properties 
of the material and namely the pair creation energy also known as the W-value. This 
W-value, measured in eV, represents the average energy required in the creation of 
an electron hole pair and it is independent of the radiation energy. Based on what 
has been mentioned earlier it is obvious that the W-value is dependent on the band 
gap of the material. This is shown in Figure 2.9, which displays the W-value for a 
range of different materials and the relationship between W-value and band gap.
In this figure two main bands of materials are evident, with lines running through 
them, which represent a best fit of the W-values, that were experimentally measured, 
as a function of band gap as described by Klein [22]. Klein’s semi-empirical equation
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Figure 2.9: W-Values vs Bandgap for various materials [21].
for the calculation of W-values is:
W{eV) = j E , (2 .10)
where, 6  is a free parameter. The difference between the two branches and the case 
where W-value=E^ (dotted line) is due to phonon interactions during charge carrier 
generation. In the case of CZT, it lies on the solid line for which the free parameter 
was calculated to be 6=0.6eV.
The number of electron hole pairs created (N) per incident photon can be calculated 
using Equation 2.11:
(2 .11)
where, Ep is the incident photon energy. The above equation applies only with the 
assumption that the creation of each electron hole pair is an independent process 
which can be described by Poisson statistics and the variance in electron hole pairs 
created is given by:
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=  #  (2 .12)
In reality, however, there are many competing mechanisms in the creation of electron 
hole pairs that are not independent processes and as a result the variance becomes 
smaller [1]. In order to account for this fact the Fano factor (F) is introduced to 
modify the above Poisson relationship to:
a
E^F
(2.13)W
In the case of Poisson statistics F=1 whereas if there are no fluctuations in the 
number of electron hole pairs then F=0. The Fano factor is material specific and 
is difficult to measure because resolution depends on many factors, but for CZT an 
experimental value is 0.089=1:0.005 [23].
The output current signal will eventually depend on the amount of charge carriers 
created and the current that they will induce on the electrodes as they drift towards 
them. So we can arrive to the conclusion that the resulting output current pulse is 
proportional to the ionising radiation’s energy through the W-value.
2.2.3 Carrier Concentrations, Im purities and D efects in Sem i­
conductors
Up to this point the discussion evolved around the assumption that the semiconduc­
tor material was intrinsic, meaning there are not defects or impurities in the crystal, 
which in turn means that the number of conducting electrons and holes were equal, 
since when one electron is promoted to the conduction band gives rise to a hole in 
the valence band. Hence, for intrinsic semiconductors the following equation applies:
n = p = 7ii  (2.14)
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where, n is the concentration of electrons per unit volume, p is the concentration of 
holes per unit volume and rii is the intrinsic carrier concentration of the semicon­
ductor. Equation 2.14 can also be written as:
r i 'p  = n‘f (2.15)
Equation 2.15 is important because it can be applied for extrinsic material. Extrinsic 
material is a material that is no longer pure and that foreign atoms have been 
introduced, either on purpose or accidentally, which are commonly called dopants 
or impurities. These dopants or impurities can be separated in two categories, 
donors and acceptors and they can significantly affect the performance of detector 
by altering its conductivity [24].
Donors or donor levels or n-type dopants tend to increase the electron concentration 
in the material by creating an energy level within the band gap close to the conduc­
tion band. Little energy (less than the band gap energy) is required for an electron 
to be promoted to the conduction band. Acceptors or p-type dopants work in a 
similar way, although increasing the hole concentration in the material by creating 
an energy level near the valence band requiring little energy for holes to be created 
in the valence band (Fig. 2.10).
n-type dopant p-tÿpé dopant
O O O O O D G O
Figure 2 .1 0 : Schematic of donor (Ed ) and acceptor (E^i) levels.
The equations that describe the number of electrons and holes in the conduction
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and valence band respectively are:
n = Nc  exp ( ) (2.16)
P =  (2-17)
where, Nc and Ny  are the effective density of states in the conduction and valence 
band respectively, Ep is the Fermi level of the semiconductor, kp is the Boltzmann 
constant and T  is the temperature in Kelvin. The Fermi level is defined as the 
reference energy level at which the probability of occupation by an electron is 1/ 2 . 
Using Equations 2.14, 2.16 and 2.17 we calculate that the Fermi level is given by:
Therefore at absolute zero the Fermi level is at the middle of the band gap and that 
depending on the doping conditions it moves towards the conduction band or the 
valence band.
In CZT these impurities or dopants can occupy either Cd or Te lattice sites, replaced 
by elements from group I or III and V or VII respectively. There is, however, another 
way that various energy levels can be introduced within the band gap without foreign 
atoms replacing Cd or Te atoms, which is through crystal defects. There are various 
types of defects that can be either of atomic dimensions and very localised, called 
point defects or of a more extended nature [25]. The most common point defects 
are vacancies, antisites and interstitials, which represent atoms missing from there 
lattice sites, atoms placed in the wrong sites and atoms that are found between the 
normal lattice sites, as seen in Figure 2.11. Some of the most common crystal defects 
that are larger than point defects and can be detrimental to a detector’s performance 
are dislocations, grain boundaries, twin boundaries, cracks and pipes [25,26].
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Figure 2.11: Schematic of the various point defects in a CdTe crystal [26].
As with impurities, crystal defects introduce energy levels within the material’s 
band gap affecting the electrical properties of the semiconductor. These levels can 
be grouped in two categories shallow and deep depending on how close they reside 
to the conduction or valence band or if they are towards the middle of the gap. 
As already mentioned, shallow levels require little energy to increase the number of 
electrons or holes; at room temperature there is enough thermal energy to achieve 
that. In the case of a large number of shallow levels then the conductivity of the 
detector will increase significantly, increasing leakage currents making the material 
unusable as a detector. On the other hand, deep levels cannot be ionised that easily 
making them good candidates for trapping or recombination centres, which in large 
numbers will affect carrier lifetimes.
For CZT to be used as a radiation detector it needs to have high resistivity and 
at the same time good carrier transport properties. In order to achieve this the 
material either needs to be of very high quality, for the electron concentration to be 
equal to hole concentration (intrinsic material), or by making the concentration of
25
2.3. SIGNAL FORMATION PROCESS
acceptors the same as that of donors using a technique called compensation. How­
ever, because in reality it is impossible to grow CZT with no impurities or achieve 
the perfect compensation, another method for achieving high resistivity material is 
used, which is to introduce deep levels in the band gap. The main disadvantage of 
using deep levels for compensation is that, even though they can improve the mate­
rial’s resistivity, they can also cause significant trapping, which reduces the lifetimes 
and mobilities of charge carriers [27,28].
Finally, in CZT two types of defects that have been researched in depth in recent 
years are inclusions and precipitates, and how to remove them from the grown 
crystals [29]. These are formed during the growth of the crystal and even though 
they are very similar they are formed under different processes and they can affect 
the material’s properties. According to P. Rudolph [30], Te precipitates are formed 
during the cooling of the crystal, grown in Te-rich conditions, in sites of native 
defects like dislocations and Cd vacancies, creating micro-cavities which are filled 
with Te. The typical size for Te precipitates has been determined to be around 
10-50nm and it’s due to their small size that they don’t seem to have a significant 
effect on the material’s properties [31]. On the other hand, inclusions are formed 
by the capture of melt droplets at the growth interface due to the rejected excess 
component and their sizes can go up to 100pm. Inclusions can contain large amounts 
of Te or other impurities and they can lead to increased leakage currents and affect 
the electric field distribution due to the low band gap of Te. Also, they can form 
trapping centres that are detrimental to the charge carrier transport properties of 
CZT [32,33].
2.3 Signal Form ation Process
As already mentioned, once the ionising radiation interacts with the detector’s ma­
terial and deposits its energy, charge carriers are created through electron hole pair
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generation due to the ionisation or excitation of crystal atoms. Due to the applied 
electric potential these electrons and holes start to drift towards the anode and 
cathode respectively. It is this movement that induces a current on the device’s 
electrodes and finally the integration and amplification of this induced current, in 
an external circuit, results in the final charge pulse, which is proportional to the 
deposited energy.
2.3.1 Shockley-Ram o Theorem  and Signal Generation
In order to allow for a simple calculation of the induced charge, a theorem was de­
veloped independently by W.Shockley [34] and S.Ramo [35]. Initially, the theorem
was applied only to vacuum tube geometries, but later it was shown [36,37] that
the same theorem can be used for many types of detectors including semiconduc­
tors. Z. He has recently published a review of the theorem and its application in 
semiconductor detectors [4]. The Shockley-Ramo theorem states that the charge Q 
and current i on an electrode that is induced by a moving charge q are given by:
Q = -q<-pw W (2.19)
i = q l ï Ë t { x )  (2.20)
where, v is the instantaneous velocity of charge q, Pw(x) and E^{x) are the ’weight­
ing potential’ and ’weighting field’ that would exist at the charge’s instantaneous 
position X. The weighting field is given by Equation 2.21:
=  ^  (2 .2 1 )
The weighting field describes how the movement of a charge is coupled to a certain 
electrode and it should not be confused with the actual physical electric field, which
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describes the velocity and trajectory of the moving charge. It has to be noted that 
the weighting field is dependent only on the detector’s electrode geometry. The 
weighting potential for a certain electrode and at position x is obtained by setting 
the potential of that electrode to IV and all the other electrodes at zero potential [4].
c-
...... ....
Kxifiht!
Figure 2.12: Schematic of a simple planar radiation detector and its resulting weight­
ing potential of the anode [4].
In the simple case of a planar detector with no space charge and where the lateral 
dimension is considered much larger than the detector thickness, the weighting po­
tential is a linear function of depth from 0 (cathode) to 1 (anode), as seen in Figure 
2.12. Assuming N electron hole pairs are created at position Z within the detector, 
then using Equation 2.19 we can calculate that the induced charge on the anode will 
be:
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Q — (-2 ')
=  - " ^ 6  [ipw ( 0 )  -  (fw  ( ^ ) l w e  “  ^  ( ~ ^ )  ( 1 )  “  {^ )]e lec tro n
=  Ne (2 .2 2 )
Equation 2.22 applies only in the case when the loss of charge carriers is ignored 
and it shows that the induced charge is independent of the interaction depth and 
that it is proportional to the deposited energy.
In CZT, however, the holes will only move a short distance compared to the detec­
tor’s thickness due to their low mobility, which leads to incomplete collection. In 
this case the induced charge will not be independent of the interaction depth and 
Equation 2.22 becomes:
Q = Ne[ l  — pw (^)l (2.23)
This means that, because the incident radiation interacts at all depths, the induced
charge on the anode will have a range of values from 0 to Ne and the output signal
will no longer contain spectroscopic information.
2.3.2 Rem oving the Hole Contribution - P ixelated  D etec­
tors
The contribution of holes in the output signal results in degradation of the detector 
performance in the form of low energy broadening of the photopeak (Fig. 2.13(b)). 
To overcome this drawback of CZT a number of different techniques were developed, 
like pulse processing, to remove the effect of poor hole transport properties [38-41]. 
Using pulse processing one can remove the slow part of the signal that is formed
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by the drift of slow moving holes and keep only the signal from the fast moving 
electrons. The results, in terms of spectroscopic performance, show a significant 
improvement (Fig. 2.13(a)). However, the use of these techniques can lead to a 
reduction in detection efficiency, since the cause of the problem, poor hole transport 
properties, is not solved.
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Figure 2.13: Pulse discrimination effect on spectroscopic performance of a CdZnTe 
detector irradiated by a 139-Cs source, (a) With discrimination applied, (b) without 
discrimination [40].
This lead researchers to focus in techniques, where the signal is sensitive only to one 
type of charge carrier, specifically the electrons. This is called single polarity charge 
sensing and can remove the problem of poor hole transport if the mean free path of 
the electrons is larger than the detector thickness.
The hrst version of a single polarity charge sensing technique was the Frisch grid 
detector [42], which was applied in gas detectors. As shown in Figure 2.14 a grid 
is placed very close to the anode that allows the electrons to pass through and 
get collected by the anode, separating the detector in an interaction region and a 
measurement region. The induced charge increases linearly from zero, between the 
cathode and the grid, to Qo between the grid and the anode (Fig 2.14) due to the
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weighting potential of the anode. The Frisch grid technique was then extended to 
CZT as a pseudo (or virtual) Frisch grid [43,44].
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Figure 2.14: Schematic of a Frisch grid detector (left) and the weighting potential 
of the anode (right) [43]
On semiconductors, single polarity charge sensing was applied by Luke [45,46] with 
the C O -planar grid detector, a schematic of which is shown in Figure 2.15. The 
principle of operation is that instead of a planar anode, parallel strip electrodes are 
used, connected in such a way that a bias difference is applied between two banks 
of electrodes.
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Figure 2.15: Schematic of a co-planar grid detector, (a) Side view of the detector, 
(b) Weighting potential for each electrode [4].
This way the electrons are always collected by one of the banks, in this case electrode 
2. The weighting potentials that the electrons sense from the electrodes 2 (( 2^ ) and
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3 {(ps) are shown in Figure 2.15(b). These two weighting potentials are the same up 
until a depth of i-P , where P  is the period of the coplanar electrodes, after that point 
V? 2  increases rapidly towards 1  and cps drops to zero as the electrons are collected 
by electrode 2  and drift away from electrode 3 due to the electric field. The final 
output signal is equal to the difference between the signals of electrodes 2 and 3, 
which corresponds to the difference of weighting potentials P>z- This difference 
has a value of zero up to position l -P  and then rises to 1, which means that the 
output signal is dominated by the movement of the electrons near the collecting 
electrode and not by the hole movement without any loss in signal amplitude. 
There are, however, certain limitations with regards co-planar grid detectors. Even 
though the above concept can correct for the fact that electrons also get trapped, 
this correction applies anywhere apart from areas near the cathode [47] where the 
drift path of the holes is short. This is because the correction makes the weighting 
potential difference p>2 — ‘Pz to no longer be zero between z=0 and z=l-P, which in 
turn can cause fluctuation in the output signal due to hole transport. Finally, it can 
be difficult to use co-planar grid electrodes on large surfaces, whilst the need for a 
small strip pitch can cause increased capacitance and leakage currents between the 
electrodes, which leads to increased noise.
A slightly different version of the co-planar grid detector is the drift detector, which 
was suggested by Patt et al. [48], the principle of which is shown in Figure 2.16.
In the case of the drift detector a set of electrodes (either in strip or ring form), 
surrounding the collecting anode, is used to create a focusing electric field that 
guides the electrons to the anode. These ’guiding’ electrodes are biased using voltage 
divider, that makes the bias on each strip equal to =  Vd'{^/4), where 2 = 1 ,2,3,4 (Fig. 
2.16). Again, the weighting potential increases rapidly near the anode making the 
detector sensitive only to electrons. However, even though the results demonstrated 
an improvement in terms of energy resolution, compared to planar device [48], they
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Figure 2.16: Schematic of a strip drift detector. A single cell is shown between the 
dashed lines A and B. [49].
suggest significant electron trapping [4].
2.3.3 Pixelated D etectors
The use of an array of small pixels as a segmented anode with a planar cathode 
is the focus of this Thesis, as a single polarity charge sensing detector technique. 
Even though initially CZT pixelated detectors were researched for 2-D imaging ap­
plications [50] it was realised that the energy resolution of the individual pixels was 
improved due to single polarity charge sensing [51]. The principle is the same as 
with the previous techniques described above, with the induced charge on a single 
pixel from a moving electron being small while the charge is away from the pixel 
and rising quickly as the charge approaches the collecting pixel.
This is due to the shape of the weighting potential of that pixel, shown in Figure 
2.17. The figure shows that the weighting potential of the collecting pixel (in this 
case pixel 1) for an electron created at point A and drifting along a line that passes 
through the middle of pixel 1 , is small near the creation point, where the distance 
from the pixel is much larger than the pixel size, because the charge is ’seen’ by 
many pixels. As the electron approaches pixel 1  the weighting potential, and hence
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Figure 2.17: (a) Schematic of a pixelated detector and (b) the weighting potential 
for a single pixel along the line through the pixel centre [1 ].
the induced charge, increase rapidly, making the hole contribution to the signal 
negligible for the majority of the detector volume.
The profile of the weighting potential of a single pixel can be adjusted making the 
increase near the pixel larger or smaller by changing the ratio between pixel size 
and detector thickness, as seen in Figure 2.18. The smaller the size of the pixels 
compared to the thickness of the detector, the increase of the weighting potential 
remains small for a larger proportion of the detector depth and it only increases 
sharply near the pixel, reducing the hole contribution. This change in the increase 
of the weighting potential depending on the pixel size to detector thickness ratio is 
known as the ’small pixel effect’ and it is utilised in pixelated detectors as it can 
clearly determine their performance.
2.3.4 Charge Sharing and Transient Signals
There is, however, a major drawback using segmented or pixelated anode structures 
that affects the performance of such a detector. This is due to the fact that as 
the charge carriers move inside the detector they can induce charge on more than 
one pixel. This is because as charge carriers are created from the interaction of
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Figure 2.18: Weighting potential profiles for varions pixel size to thickness ratios [52].
radiation in the detector material, they form what is called a ’charge cloud’ that 
has a radius equal to the distance that that carrier type can travel in the material 
before it loses all its energy. This path length depends on the energy of the incident 
radiation [53]. Also, characteristic X-rays or Auger electrons can be emitted, as 
secondary events after the initial interaction, that will increase the size of the charge 
cloud. Finally, the charge cloud will diffuse in all directions as it drifts towards its 
collecting electrode under the influence of the applied electric held, due to random 
thermal motion of its charge carriers. All these phenomena tend to increase the size 
of the charge cloud increasing the probability that the charge will be shared between 
more than one pixel, as Figure 2.19 shows.
The spread of the charge cloud due to the diffusion of charge carriers can be calcu­
lated and if it is considered a Gaussian distribution then its radius (r) is given by 
the following equation:
r =  1.15d 2 A:BTeG (2.24)
where, ks is the Boltzmann constant, T  is the absolute temperature in Kelvin, d is 
the detector thickness, e is the charge of an electron, and V is the applied bias [54].
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Figure 2.19: Schematic of how charge clouds diffuse and how their size is increased 
in the case of characteristic X-rays.
The diffusion of the charge cloud in the direction of drift will have an effect on the 
rise time of the signal since a longer charge cloud will induce a slower signal [5]. 
However, the diffusion in the direction perpendicular to the drift direction can cause 
the charge cloud to become comparable in size to the pixel, which will cause the 
cloud to be shared between pixels inducing a signal on each pixel smaller than the 
deposited energy that affects energy resolution. This sort of charge share can be 
corrected if the signals from all these pixels are added together [55].
Apart from the above charge sharing phenomenon there is another, slightly more 
complicated, way that a charge cloud can induce a signal in a pixel adjacent to the 
main collecting pixel. In this case a charge that is created at point C (Fig. 2.20(a)) 
will drift along the line that goes through pixel 2  following the lines of the electric 
held. It will however, experience the weighting potential of pixel I (Fig. 2.20(b)) 
inducing a signal on that pixel that will initially increase and then decrease as it 
moves through that weighting potential, following the trend of Figure 2.20(b), before 
being eventually collected by pixel 2 .
Figure 2.21 displays in more detail what happens when a charge moves along line 1, 
which corresponds to the collecting electrode (S), and when a charge moves along line 
2 , which corresponds to an adjacent pixel, but still through the weighting potential of
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(b)
Pixel #1
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0 z T
Figure 2.20: A pixelated detector (a) and the weighting potentials of the pixels 
adjacent to the collecting pixel (b) [1 ].
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Figure 2 .2 1 : Weighting field schematic for a single pixel and the induced current 
pulses for a charge moving under that pixel and under an adjacent pixel [56].
electrode S. The curved lines represent the weighting potential of electrode S, when 
it is biased at IV and all the other electrodes are biased at OV. The resulting current 
pulses are also shown in Figure 2 . 2 1  and it can be seen that when the charge moves 
along line 1  the integrated current pulse will produce a non-zero charge signal. On
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the other hand, when the charge moves along line 2  the current pulse has a bipolar 
shape with a net induced charge of zero, if the measuring time is longer than the 
drift time [56].
— ■Main Pixel 
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Figure 2.22; Example of a pulse induced on the main collecting pixel and a transient 
pulse induced on an adjacent pixel.
An example of a full pulse collected by the main pixel and a transient induced pulse 
on an adjacent pixel is shown in Figure 2.22 as the output from a charge amplifier. 
The transient pulse initially increases to finally drop back to the original baseline 
value. Transient pulses can degrade energy resolution of the detector, because they 
can result in a negative net charge induction [57].
2.3.5 Steering Electrodes
As described above the need to remove the hole contribution in the final signal 
output has led to single charge sensing techniques and pixelated detectors using the 
small pixel effect. Pixelated devices, however, suffer from the effect of charge sharing 
and transient pulses, among other reasons that can degrade the energy resolution 
of the detector [58]. Ideally, the smaller the pixel size the stronger the small pixel 
effect will be, improving performance assuming that all field lines starting from the 
cathode side end up on a pixel on the anode side. In reality, however, a conductive
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layer that exists near the surface of a CZT device [13,58] causes these field lines to 
end up in the gap between the pixels (Fig. 2.23).
(a) (b)
Figure 2.23: Field line distributions for a CZT device with (a) its surface as a perfect 
dielectric and (b) its surface slightly conducting [1 0 ].
This diversion of the held lines causes the electrons to drift in the inter-pixel gap 
where trapping may occur, leading to charge loss, which reduces collection efficiency, 
degrading detector performance, the magnitude of which depends on the geometry 
of the pixels and how big that gap is. Making the pixels larger and the gaps smaller 
defeats the point of trying to remove the hole contribution and it will also increase 
the input capacitance [1 0 ].
Research has led to the introduction of steering electrodes or steering grids, which 
is a strip electrode around each pixel electrode biased at a relative potential lower 
than that of the anodes. The use of steering electrodes has shown to improve charge 
collection and hence energy resolution of the detector by creating a high field near 
the pixels forcing the electrons, that drift near the pixel edge or the inter-pixel gap, 
to drift towards the anodes [12, 60-62]. The design of an anode geometry with a 
steering electrode is shown in Figure 2.24.
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Figure 2.24: Schematic of a pixelated anode geometry with a steering electrode 
between pixels [59].
The effect of a steering electrode on electron transport is shown in Figure 2.25, 
which displays the weighting potential and electron trajectories for various steering 
electrode biases. It is clearly shown how the biased steering electrode focuses the 
electrons towards the anode pixel affecting the weighting potential of the collecting 
pixel as well.
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Figure 2.25: Simulated electron trajectories and weighting potential near the pixel 
edge, for different steering electrode biases [57].
The effect that the introduction of the steering electrode has on the potential dis-
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tribiition in the detector and thus the trajectory that electrons will follow is shown 
in Figure 2.26. The electrons will drift towards the anode pixel at the bottom, from 
the high potential areas in blue towards the low potential areas in red. For electrons 
that are in the area above the steering electrode will change direction and move 
towards the centre of the pixel instead of drifting in the inter-pixel gap and getting 
lost without contributing to the output signal.
-160 0 .
Figure 2.26: Potential distribution simulation for a pixelated 0.5cm thick CZT de­
tector with a steering electrode. The anode is at ground, the cathode is biased at 
-500V and the steering electrode is at -30V [12].
Steering electrodes, however, do not solve the issue completely as they come with 
their own drawbacks. One is that depending on the bias applied on the steering 
electrode, the electric held lines can still be ending up in the inter-pixel gap or even 
on the steering electrode leading to charge loss [60]. So it is important for the right 
bias, applied to the steering electrode, to be carefully determined for every case. 
Another negative effect from the use of steering electrodes is the increase in the 
leakage current of the device [13], which can compromise the overall performance 
of the detector due to increased noise and also deter the use of higher bias voltages 
that are necessary for good charge collection. Jung et al. [62] have reported positive
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results using steering electrodes that are isolated from the CZT bulk by a 150nm 
thick AI2 O3  layer. The devices used, however, had large pixel and grid dimensions, 
which raises the question if that kind of technique is applicable to pixel sizes of a few 
tenths of microns. This is another major drawback of steering electrodes that we 
have come across in this project, and that is the fact that is difficult to repeatedly 
produce devices of small pixel and steering electrode dimensions with good quality 
electrode structures. The small dimensions increase the probability of increased 
noise due to electrode cross-talk and possible surface damage. Finally, if a pixelated 
device with a steering electrode is to be bonded to an ASIC requires equipment 
and techniques of high accuracy, since the small gaps between pixels and steering 
electrode increase the risk of them becoming shorted during the bonding process, 
which might not be cost effective.
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Chapter 3
Materials and M ethods
3.1 T he P IX IE  S ystem
As part of the HEXITEC collaboration, which has as an aim the development of 
pixelated CZT detectors and ASICs for high energy x-ray imaging, a series of small 
fully spectroscopic pixel detectors with a 250 pm pixel size and read out circuits have 
been developed [63]. As a result the HEXITEC ASIC was created, first as a 2 0 x 2 0  
pixel prototype and more recently as the full 80x80 pixel system. These spectroscopic 
pixel detectors make use of the small pixel effect to remove the negative effects of 
poor hole transport in CZT [5,64] and have been shown to achieve energy resolution 
of about IkeV FWHM at 60keV (Fig. 3.1) [65]. However, small pixel detectors suffer 
from other issues like charge sharing and transient signals that require additional 
correction methods to obtain the maximum performance.
3.1.1 PIXIE ASIC
As a result of the HEXITEC collaboration and in order to study the small pixel 
effect, charge sharing, transient induced signals and the effect of steering electrodes, 
the PIXIE ASIC and a dedicated mask structure were created. The ASIC consists
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Figure 3.1: A typical Am-241 gamma spectrum from a 20x20 pixelated HEXITEC 
detector
of four arrays of 3x3 detector read out pixels each, which for the three smaller arrays 
are laid at a 250 pm pitch and the fourth one at 500pm (Fig. 3.2). All the outputs 
from the four arrays are multiplexed on a common nine track analogue bus and then 
these nine analogue outputs are buffered off chip by output amplifiers with a gain 
of 3.2 [6 6 ].
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Figure 3.2: Block diagram of the PIXIE ASIC [6 6 ].
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A diagram that contains the electronic circuitry for one pixel is shown in Figure 3.3. 
For each pixel there is a charge amplifier, without shaping and an output buffer. 
Also, for the central pixel of each array there is a calibration circuit which allows 
for a puiser signal to be passed through the pixel’s amplifier. The feedback circuit 
provides detector leakage current immunity of up to 250pA per pixel. There are 
two gain modes for different energies; a high gain mode for up to ISOkeV and a low 
gain mode for energies up to 1.5MeV. Finally, only one array can be selected for 
readout each time and the outputs of all nine preamplifiers of that array are read out 
simultaneously when an event is registered. This allows the capability of studying 
the individual raw pulses from each pixel for each event.
Only the centre pixel of each 
array of 9 pixels contains the 
calibration circuit
7.6f
VDD
CND
VCALC alib ra tion
Circuit67 ,5 f
Cain
135f
15f
Charge OUT
tb ias
V bias
Figure 3.3: Block diagram of the individual pixel electronics [6 6 ].
The ASIC has shown to produce pulse shapes with a signal to noise ratio of 1 1 0  when 
a puiser pulse of 70mV, equivalent to 60keV, was injected through the calibration 
circuit of a bonded chip to a CZT detector biased at -400V. The resulting spectrum 
(Fig. 3.4) had a FWHM of 1.8%, which is equal to ~lkeV  resolution at 60keV [15].
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6
Channel Number
Figure 3.4: The spectrum created from the puiser signal [15].
3.1.2 PIXIE Sensor Pattern
The PIXIE sensor structure consists of four arrays of 3x3 pixels as shown in Figure 
3.5. Three arrays are on a 250pm pitch and one on a 500pm pitch. The characteristics 
of each array are described in Table 3.1. On Array 1  there is a steering electrode 
around all pixels, which is connected to the steering electrode around four pixels on 
Array 4. Above Array 1  there is the steering electrode biasing pad and the whole 
pattern is surrounded by a guard ring, which is biased through the chip at 2V. This 
mask was used for one of the detectors used; a second version with the steering 
electrode on Array 4 extended around all 9 pixels was used for the other device (Fig. 
3.5). Also, in the second version metal was deposited in the areas between the arrays 
in order to achieve a more uniform electric field throughout the device.
ARRAY PAD SIZE GAP ST. EL.
1 175pm 75pm ✓
2 175pm 75pm X
3 2 0 0 pm 50pm X
4 350pm 150pm ✓
Table 3.1: Individual array specifications.
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Figure 3.5: The two versions of the anode geometry of the PIXIE detectors.
3.2 Sensors U sed, Fabrication M ethod
For the following experiments two different devices were used. One, named ’Redlen 
PIXIE’, was fabricated using the photolithography facilities at Surrey, from a bare 
piece of Redlen Technologies CZT and the other device, named ’QP_6293’, was 
ordered from and fabricated at Quik-Pak™ in San Diego, CA. The details of the 
detectors are shown in Table 2. The fabrication process for the Redlen PIXIE 
device is described below, but on the other hand we have no information about the 
fabrication process at Quik-Pak except for the fact the metal deposition is done 
using the electroless method. It has to be noted that the Quik-Pak detector is also 
made out of Redlen CZT material.
Detector Mask Thickness Size (mm) Fabricated by Contacts
Redlen PIXIE Version 1 2 mm 0.7x0.7 D.Kitou (Surrey) Sputtered
QP_6293 Version 2 2.5mm 0.7XÜ.7 Quik-Pak^M Electroless
Table 3.2: Devices used.
The process steps at UniS for the Redlen PIXIE device are shown in Figure 3.6. First, 
the material was mechanically polished with alumina slurry and then hydroplane 
polished using bromine methanol at RAL.
At UniS the CZT sample was cleaned by dipping it in sequence in isopropanol.
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Figure 3.6: Fabrication process at UniS.
methanol and finally acetone and then blow dried with nitrogen. Once the sample 
was cleaned it was placed in the spin coater and a layer of approximately 3^m of 
negative photoresist was spun on the surface of the sample by running the spinner 
in two cycles, the first lasting for 10 seconds at a speed of fiOOrpm and the second 
lasting for 30 seconds at a speed of 3000rpm. Afterward, the sample was placed on 
the heater plate for about 1 0  minutes at 90°C to bake the photoresist. After the 
photoresist was dry the sample was ready to be placed in the mask aligner for the 
PIXIE pattern (Fig.3.5) to be exposed on the sample. Using a mask that has the 
PIXIE pattern printed on it, the areas where the gold contacts were going to be 
created were covered and the rest of the sample was exposed to UV light for about 
7-8 minutes. By dipping the sample in the developer for two minutes the unexposed 
photoresist was removed and then the sample was dipped in deionised water to stop 
the developing process. With the PIXIE pattern created gold contacts of about 
SOnm thick were sputtered and the rest of the photoresist was removed carefully by 
dipping the sample in acetone, this process being called lift-off. Finally, the device 
was passivated by dipping it in H2 0 2 for two minutes and then in deionised water. 
This way the device seen in Figure 3.7 was created.
Once the detectors were ready, they were flip chip bonded on to the ASIC at the 
specialised facilities at RAL and then wire bonded on the read-out board which was
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Figure 3.7: Redlen PIXIE device fabricated at UniS.
finally inserted and connected inside a low noise box. The bonding process (Fig. 
3.8) used is a standard process, where gold stud bumps are generated on the ASIC 
pads and silver loaded epoxy glue dots (Fig. 3.9) are dispensed on the CZT pixels.
Epoxy on pad
Stnd o n  pad 
\S IC
Figure 3.8: Bonding process [67].
Figure 3.9: Silver epoxy glue dots and gold studs [67].
Then the FC150 flip-chip bonder (Fig. 3.10) is used to place the detector on to the 
ASIC and finally they are baked overnight at 90°C to set. The minimum size for 
the glue dots is about 75[iin in diameter, which makes them small enough for the
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smallest size pixels of the PIXIE pattern.
Figure 3.10: FC150 flip-chip bonder at RAL [67].
3.3 R ead-out System
The read-out system (Fig. 3.11) consists of a custom made low noise box which is 
equipped with connections for providing power to the ASIC, biasing the detector, 
the steering electrode and the guard ring, and 9 output channels. The 9 channels 
are then connected to a 9 channel waveform digitiser the XIA DGF Pixie-4 Gamma 
Finder which is operated through XIAs host control software, the Pixie Viewer 
which is written using IGOR PRO by WaveMetrics. The ASIG requires a 3.3V 
power supply which is provided by a bench-top power supply. An identical power 
supply provides the 2V required for the guard ring, and the detector and steering 
electrode are biased through a NIM module power supply.
The Pixie-4 has three modules with four analog input channels each, and performs 
14-bit digitizing of incoming signals at a rate of 75 Msps. The waveform (up to 
13.6[is in length) and pulse height for each signal is stored ready for on board pulse 
shape analysis, or can be read out with each event time-stamp for offline processing. 
The modules can be synchronised through the PXI backplane and can be made to 
share triggers and multiplicity information. Each channel has an adjustable analog
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and digital gain as well as an adjustable input offset [6 8 ]. The data is recorded in 
list mode and analysed offline. A typical raw pulse shape recorded from the IGOR 
software is seen in Figure 3.12.
Figure 3.11: Pixie-4 Gamma Finder and low noise connection box.
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Figure 3.12: Typical recorded raw pulse shape.
For a more flexible data analysis a dedicated Lab View software was created, which 
for each event reads simultaneously the raw pulse data from all 9 pixels produced 
by the ASIC and recorded by the Pixie-4 crate. A digital CR-(RC)^' shaper is then 
applied to the raw pulses to create the spectrum for each of the 9 pixels and also a 
summed spectrum that takes into account charge sharing and adds any pulses that 
constitute a multiple event.
A CR-RC shaping network consists of a CR differentiator followed by an RC inte­
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grator. The CR differentiator acts as a high-pass filter, filtering out low frequency 
components of the signal that contain noise, improving signal-to-noise ratio, and 
also shortens the length of the pulse reducing pile-up.
^ 0  in
J
Figure 3.13: A CR differentiator and it’s response to a step function input [1 ].
Figure 3.13 shows the effect of such a network to a step function signal, which is 
similar to a fast rising pulse with a long tail (Fig. 3.12). If the time constant 
(RC=t) of the filter is small compared to the length of the pulse, but not too small 
compared to the rise time of the signal then for an input voltage V  the output is 
Vaut = V e - ' t’' [1],
0 '
J
Figure 3.14: A RC integrator and it’s response to a step function input [1 ].
In contrast, the RC integrator acts as a low-pass filter, that blocks the high frequency 
components that contain excessive noise and also stretches the rising edge of the 
pulse improving pulse height analysis. For a step function input V  the output is
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yout = y  (1 — and the response is seen in Figure 3.14. For the integrator to work 
the time constant needs to be large compared to the length of the input signal [1 ]. 
However, neither of these two circuit responses make for attractive pulse analysis 
so in order to have the benefits of both an RC integrator is added after a stage of 
differentiation. The basic CR-RC shaping circuit and its response to step voltage 
input for various combinations of timing constants is shown in Figure 3.15. Each 
stage can have its own time constants but most often the shaper is used with equal 
time constants. In this case the output of the network to an input F  is Vout = 
which results in a semi-Gaussian pulse (Fig. 3.15). There is a compromise in the 
choice of the time constant x. In order to reduce noise and the length of the pulse the 
time constant needs to be as short as possible. However, if x becomes comparable to 
the rise time of the pulse then the pulse doesn’t reach it’s full amplitude resulting 
in loss of signal amplitude called ballistic deficit.
Figure 3.15: A CR-RC circuit and its response to a step voltage input for different 
time constant combinations (xi=RiCi and X2 =R 2 C2 ) [1 ].
If a CR stage is followed by several stages (n) of RC shaping then the resulting 
pulse approaches a Gaussian shape. CR-(RG)" shaping also known as semi-Gaussian 
shaping is very popular for pulse processing in gamma-ray spectroscopy due to it’s 
good signal-to-noise ratio and reduced pile-up effects at high counting rates. The 
more RG stages the more symmetrical the resulting pulse becomes but in practice 4 
stages of integration are considered enough. If the GR and the (n) RG stages have
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the same time constant t  then the peaking time (the time it takes for the shaped 
pulse to reach it’s maximum amplitude) for that CR-(RC)” shaper is equal to n% [1 ]. 
As mentioned earlier, within the Lab View analysis software a CR-(RC)” is applied 
to the data recorded by the PIXIE system. For all of our analysis four stages of 
integration and an overall time constant (after 4stages of integration) of t=0.5[is 
were used, which is enough to avoid ballistic deficit effects and to have a good 
signal-to-noise ratio [15]. A typical shaping result for a 26keV signal is seen in 
Figure 3.16.
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Figure 3.16: Pulses for 26keV using the digital CR-(RC)^ pulse shaper in Lab View.
The undershoot observed in Figure 3.16 is due to the fact that the input pulses 
from the preamplifier are not step pulses but instead they have a long, albeit finite, 
decay. This undershoot eventually returns to zero but can persist for a long time 
and is usually corrected using a method called “pole-zero cancellation” by adding 
a resistance to the differentiator stage [1 ], which however is not included in our 
Lab View software.
3.4 IV  C haracterisation
For the IV tests performed on the two devices two different setups were used. The 
setup in Figure 3.17 was used for the Redlen PIXIF device and the one in Figure
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3.19 for the QP_6293 as well as for the Redlen PIXIE as a comparison. The reason 
for the two different methods is that since the Redlen PIXIE device was fabricated 
at Surrey we had access to it before it was bonded, whereas QP_6293 was received 
already bonded and it wasn’t possible to use the same setup.
cathode
anode
KEITHLEY
T
Figure 3.17: Schematic for IV measurements.
The first setup consists of a probe station and a Keithley 487 picoammeter. Placing 
the sample on the probe station’s metal plate with the anode face down we could 
apply a voltage bias and using one of the probes connected to the Keithley we 
can measure the current out of the detector. The probe station is enclosed in a 
dark grounded cabinet, so all the IV measurements are performed without light 
interference. The Keithley has a range of ±500V with a lOmV resolution and the 
current source limit was set at 2 0 [iA. The result from one of the measurements is 
shown in Figure 3.18.
The IV curve suggests that for a bias of -300V the leakage current of the device 
is about 6.5nA, which corresponds to the current through the entire set of anode 
contacts. This means that at this bias, and if we use the approximation that all 
pixels are the same size, the current per pixel is about 180pA, which is below the 
250pA per pixel that the ASIC can take, which makes -300V a good maximum bias 
to run the detector at.
For the bonded devices the setup shown in the diagram of Figure 3.19 was used. 
The diagram shows that since the detector was bonded to the chip the only way of
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Figure 3.18: IV measurement for Redlen PIXIE device.
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Figure 3.19: IV schematic for bonded device.
completing a circuit and getting a current reading was through the chip’s ground 
connection and through the box. In order to make sure that this method provides 
realistic results an IV test was performed on the Redlen PIXIE device using this 
technique after it was bonded. Figure 3.20 displays a comparison of the results 
from the two different methods, which shows that there is no significant difference 
between the two techniques, since for -300V the current through the device is 6.5riA 
and 7.5riA. Plotting the IV curves that were recorded for the two devices using 
this method. Figure 3.21 is created, which shows that for a -300V bias the current
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Figure 3.20: Comparing IV plots for Redlen PIXIE using the two different methods.
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Figure 3.21: IV comparison for QP_6293 and Redlen PIXIE devices.
through the QP_6203 device is about 3.9riA (~ lOSpA per pixel).
The two devices show different behaviours in their IV curves with one (Redlen 
PIXIE) being almost linear and the other (QP_6293) displaying a plateau from 
about -lOOV up to -400V, suggesting that one device’s contacts are close to Ohmic 
and the other having Schottky contacts [69].
3.5 Sim ulations
A number of simulations were performed as part of this project in order to have a 
better understanding and to provide a visual aid of the physics and electrical prop­
erties of the detectors used in our experiments. The initial goal was to simulate the
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properties of a planar CZT device in order to make sure that the material is simu­
lated as realistically as possible, and that the parameters used in the models have 
the correct values. With the material correctly simulated a device that resembles 
the PIXIE structure, including the steering grid, was to be modelled in order to 
study the electric field and potential distributions as well as charge transport. This 
way it would be possible to compare the experimental results against theory.
The software used for the simulations is Silvaco ATLAS. It provides the capabil­
ities of simulating 2D and 3D semiconductor devices and predicting the electrical 
behaviour of devices defined by the user. It is a physically based device simulator 
that predicts the electrical characteristics that are associated with specified physi­
cal structures and bias conditions. There are three parts in every simulation using 
ATLAS that need to be defined [70]:
• The physical structure to be simulated
• The models that are to be used
• The bias conditions under which the electrical characteristics are to be simu­
lated
In order to define a structure a grid of horizontal and vertical lines with specific 
spacing between them, called the mesh, needs to be defined. This mesh covers the 
physical simulation domain and it is made up of grid points or nodes the number of 
which needs to be big enough in order for the simulation to be accurate but not too 
big to make the simulation inefficient. Different regions (up to 200) with different 
materials can also be allocated within this domain as required. An example of a 
mesh structure is shown in Figure 3.22. Once the mesh is defined, a material needs 
to be assigned for every different region that was created within the structure.
Once the regions and materials are specified, the position and size of the electrodes 
needs to be defined. Up to 50 different electrodes can be defined and the ones with
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Figure 3.22: Mesh example [70].
the same are considered electrically connected. An electrode is by default assumed as 
Ohmic, whereas if a work-function is defined it’s treated as a Schottky contact [70]. 
Finally, an electrode can also be defined as floating.
Having completed the above steps the material of the device needs to be defined, 
which can be a material from an existing library of materials within ATLAS or it 
can be user defined using certain key parameters. The material definition will be 
described in more detail in the Simulations chapter.
The final step in a simulation using ATLAS is obtaining solutions. ATLAS can 
calculate DC, AC, small signal and transient solutions, but for our needs only DC 
and transient solutions were required. ATLAS calculates the current through each 
electrode for specified bias conditions and other internal quantities like charge con­
centrations, electric fields and potentials are saved in solution files that contain 
images of the structure at a given bias point [70]. These quantities can be later 
viewed using TONYPLOT the interactive graphics and analysis package that AT­
LAS is interfaced to (see Figure 3.23). For all simulations the solutions are obtained 
by starting from an initial equilibrium condition where the bias on all electrodes is 
zero and then it is stepped up to the specified bias.
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Figure 3.23: TONYPLOT examples of el.field, potential and charge density [71].
ATLAS uses as default Boltzmann statistics for carrier statistics and the calculation 
of current densities. The general equations used and that provide the framework for 
device simulation are [70]:
• Poisson’s equation (Eq. 3.1) that relates the electrostatic potential to the 
space charge density:
div(eV‘iJ)) = —p (3.1)
from which the electric held is obtained by calculating the gradient:
(3.2)
where tjj is the electrostatic potential, e is the local permittivity, and p the 
local space charge density.
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• The continuity equations for electrons and holes:
—  =  —d iv J n  +  G n  — R n  (3.3)ot q
= — divJp +  Gp — Rp (3.4)
o t q
—^ — y
where n and p are the electron and hole concentrations, Jn and Jp the electron 
and hole current densities, Gn and Gp the electron and hole generation rates 
and Rn and Rp the recombination rates.
The simplest, and at the same time adequate, model of charge transport used is
the Drift-Diffusion Model, which defines the current densities, using Boltzmann
statistics, as:
~fn = qnHn^n +  qDn'^n (3.5)
— — y
Jp = qpfipEp -  qDpVp (3.6)
where D^and Dp is the electron and hole diffusion based on the Einstein equation 
(Eq. 3.7, 3.8)
hTr
D„ = (3.7)
Dp =  lE / ip  (3.8)
The initial goal of the simulations was to understand the software and the models 
used. Then to simulate the properties of a planar CZT device in order to make sure 
that the material is simulated as realistically as possible, and that the parameters 
used in the models have the correct values. With CZT being simulated correctly
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devices that resemble the arrays of the PIXIE structure, including the steering grid, 
was created in order to study the electric field and potential distributions, and charge 
transport. The ultimate goal was to be able to simulate a PIXIE patterned detector 
in order to model part of the beam experiments performed using the PIXIE devices 
and compare theory to practice.
3.6 Sealed Source M easurem ents
Eor our initial measurements and in order to assess the general performance of 
a detector, perform calibrations etc, a sealed source measurement setup was used, 
which is shown in Eigure 3.24. A radioactive source can be placed above the detector 
by resting it over the small opening of the plastic cover (thin black box) that protects 
the detector, the ASIC and the wire bonds.
source
output
A S  C
Eigure 3.24: Sealed source measurement setup.
Two different sources were used, an Am-241 gamma source and an Am-241 variable 
energy X-ray (VEX) source. The gamma source emits gammas at 59.5keV and 
26.4keV as well as Neptunium (daughter element) characteristic X-rays at the 13keV 
to 22keV range. The VEX source utilises the alpha radiation emitted by Am-241 
to produce characteristic X-rays of selectable targets. Eor our measurements the 
Terbium (Tb) target was chosen with it’s Ka peak at 44keV and Kp at 50keV. A
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typical Tb X-ray spectrum acquired using a CZT detector is seen in Figure 3.25.
vB Tb Spectrum
FWHM = 7.2% 
(44 keV)
Cd + Te 
Escape Peaks
Figure 3.25: CZT acquired Tb X-ray spectrum [72],
3.7 C ollim ated  B eam  M easurem ents
To study in more detail charge sharing and the effect of the steering electrode two 
different experiments with collimated beams were performed. The first one took 
place at the Diamond Light Source where the Redlen PIXIE detector was used 
for the measurements. The second experiment was performed using the QP_6293 
detector and it took place at the Detector Development Department at RAL using 
a lab based X-ray tube. Both setups are described below.
3.7.1 Diam ond Light Source Experim ent
Eor this experiment the 115 beam line at the Diamond Light Source synchrotron 
facilities was used to perform line scans between the centres of neighbouring pixels 
on the Redlen PIXIE device. In Figure 3.26 the actual experimental setup is shown 
(a) as well as a diagram of the experiment (b). The low noise box was fitted with a 
lid that had a mylar window cut in to it to allow for the beam to hit the detector with 
minimum attenuation. It was placed as close as possible in front of the collimator to
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reduce beam divergence, on a stage that could move left-right and up-down relative 
to the collimator (Fig. 3.26(b)). The mean beam diameter was 20pm and it was 
scanned in 2 0 pm steps across pixels 5 and 6  of Array 3 and in 40pm steps across 
pixels 5 and 6  of Array 4.
box
collimated beam 
EZZZZZZZZ—
window
detector
(a) Diamond 115 hatch.
Figure 3.26; Diamond experiment setup.
X-Y stage
(b) Diamond diagram.
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Figure 3.27: Diamond beam energy spectrum, including harmonics.
For Array 4 two different scans were performed both with the detector biased at 
-300V, one with the steering electrode left disconnected and one with the steering 
electrode biased at -30V. The beam energy was set at 26keV, which is below the 
mean K-shell absorption edges of Cd and Te (26.7keV and 31.8keV respectively), 
in order to avoid fluorescence X-ray emissions that would increase the charge cloud
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size. It was noticed however that the beam contained higher harmonics of the 3rd 
and 4th order as can be seen in Figure 3.27 and escape peaks coming from the 3rd 
harmonic. For our data analysis we were able to gate around only the 26keV peak 
using the Lab View software and ignored the higher energies.
3.7.2 Collim ated X-ray Beam
The X-ray set that was used with the QP_6293 detector at RAL is shown in Figure 
3.28. The tube on this set is a Seifert Tungsten (W) tube that has an energy range 
of 5keV-60keV and a current range of 2-50mA. It is water cooled, mounted on a X-Y 
stage with a 10pm step and it’s enclosed in a lead lined cabinet. A 40keV X-ray 
spectrum produced by the tube and recorded using an 80x80 HEXITEC detector is 
displayed in Eigure 3.29, where the W L-lines at around 9keV are clearly visible.
1
Rp 149
• V
s A
Figure 3.28: X-ray set used at RAL.
For our measurements a 10pm cylindrical monocapillary collimator (Fig. 3.30) was 
fitted on the X-ray set. The collimator has an outer housing made out of nickel 
and silver with a 1 0 mm diameter and a total length of 135mm. The inside of the 
collimator is made out of glass in order to have a high reflection coefficient that 
creates an efficient transport of X-rays through the collimator.
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Figure 3.29; X-ray spectrum produced by the X-ray tube at RAL.
cylindric monocapillary
source
sample
Figure 3.30: Schematic of cylindrical mono capillary collimator by IFG [73].
The collimator was tested prior to the actual experiment in order to check the spot 
size created. For that a number of measurements were made using a CMOS sensor 
that was 50pm thick and with a 14pm pixel size. From this test we concluded that for 
a 30keV X-ray beam and a current of 30mA, with the tip of the collimator 0.5mm 
away from the surface of the sensor, the beam spot size is about 40pm wide, see 
Figure 3.31, which also includes the spread of the beam inside the detector.
Figure 3.31: Beam intensity map from collimator test in 3D and 2D.
The actual experiment with the QP_6293 detector involved a number of line scans
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from the centre of one pixel the the centre of a neighbouring pixel with the collimator 
tip positioned as close as possible to the cathode surface of the detector (<lcm). 
Arrays 1 , 4 and 2  were scanned under a variety of detector and steering electrode 
biases as well as different X-ray beam energies. The purpose of these measurements 
was to try and investigate the effect of charge sharing and of the steering electrode 
on the performance of the detector. Using a variety of different ratios between the 
cathode bias and the steering electrode bias changes the shape of the electric fields 
in the detector, which in turn changes the effect of the steering electrode. Changing 
the energy of the beam the size of the charge cloud and depth of interaction is 
altered, changing the amount of charge sharing.
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Chapter 4
CZT Detector Simulations
In this Chapter our efforts to simulate a pixelated CZT radiation detector are pre­
sented, The main objectives of these simulations are to model a device and its 
material in order to provide a visual aid and theoretical information about CZT, 
its properties and its internal quantities. These quantities include electric field and 
potential distributions for a number of different scenarios. The ultimate goal being 
to simulate a pixelated structure in order to investigate weighting potentials, charge 
induction, charge transport and the effect of steering electrodes, by replicating the 
conditions in one of the experiments described in the next chapter.
4.1 Introduction  to  Silvaco ATLAS
The Silvaco ATLAS software is a semiconductor physics modelling program that is 
capable of simulating 2D and 3D semiconductor devices and predicting the electrical 
behaviour of devices defined by the user. Even though it is primarily used for 
simulating silicon devices, with the properties of silicon as default values, it can 
accommodate other materials, like CdTe and CZT, that are either included in the 
library or can be defined by the user.
A set of statements defines the physical constraints of a device, by creating a 2D grid
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that is made up of a number of grid points, and then the rest of the statements set 
the properties of the semiconductor material and of the contacts used. This second 
set of statements is the one that initiates the different models used to simulate the 
material and its properties, like mobility, band gap and trapping. Finally, ATLAS 
provides the capability of obtaining solutions by applying and solving a set of dif­
ferential equations derived from Maxwell’s laws onto the grid points. The solutions 
are obtained by applying voltage on the electrodes, which sets the experimental 
conditions, and then the current through each electrode is calculated. Solutions 
also include information about internal quantities like electric field and potential 
distributions and the transport of carriers through the device.
4.2 D efin ing a D evice
To simulate a device first its structure has to be set by defining the mesh, which 
sets the physical dimensions of the device. This mesh or grid is defined by a series 
of horizontal and vertical lines, which in turn form a number of grid points or nodes 
where the equations described in this chapter are applied to. Then the position of 
the electrodes has to be set and finally the doping of the structure.
It is important to define the mesh correctly as the number of nodes affects the speed 
and accuracy of the simulation. Also, areas that are close to contacts need to have a 
finer mesh for more accurate simulations. After defining the structure, the material 
of the device and its properties can be set either from a library of materials that is 
included in the software or the values of these properties can be user defined. In the 
same way the material of the electrodes can be defined or by setting the appropriate 
work function, which also sets the barrier height of the contact according to the 
Equation 4.1.
W O R K  F U N  = A F F I N I T Y  +  (4.1)
69
4.3. DEFINING GZT MATERIAL
where the WORKFUN is set in the contact statement, AFFINITY is defined in the 
material statement and (/>b is the barrier height. If a work function is not defined 
then the barrier height is set to zero and the contacts are considered Ohmic. In 
this work Ohmic contacts were initially used for the resistivity calculations in order 
to achieve a good material definition, while for the rest of the modelling gold (Au) 
contacts were simulated by using a work function of 5.1eV.
4.3 D efin ing CZT M aterial
ATLAS provides a number of different models to simulate the properties of a semi­
conductor material. For carrier statistics ATLAS uses either Fermi-dirac statistics 
or Boltzmann statistics, which determine the probability /  (e) of an electron to oc­
cupy a state of energy e. The default setting and the one used in this project is for 
Boltzmann statistics (Eq. 4.2), which is applicable in semiconductor device theory 
and it also makes calculations much simpler.
=  (4.2)
where Ejr is the Fermi energy, k is the Boltzmann constant and Tl is the temperature 
in Kelvin. Also, when new materials are defined there is a minimum set of parameters 
that should be defined, which includes band gap (Eg(300)), electron and hole density 
of states, dielectric permittivity and electron and hole mobility (//g, ^^).
4.3.1 Band Gap Param eters
The temperature dependence of the band gap energy is modelled using the Universal 
Energy Bandgap Model;
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Eç{Tl ) E M M Î )Tl + P — i?^(300) +  Oi
300' n
300 3 - ^
(4.3)
where a and ft are the Varshni parameters. The Varshni parameters [74] used in the 
simulations are a=4.00E-04, /3=170 and Eg(0)=1.63eV [26]. These values produce 
the plot in Eigure 4.1 and a band gap value at room temperature of approximately 
Eg(300)=1.55eV.
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Figure 4.1: Band-gap’s temperature dependence.
4.3.2 M obility Parameters
The default model used is the Constant Low-Eield Mobility Model. It is independent 
of doping concentration, carrier densities and electric held. However, it does take 
into account variation in lattice scattering due to changes of temperature. The 
dependence is based on the following equations:
/^ e ( % = / ! ,  (300)
(>-h (El) =  Pl (300)
Tr
300
L
300
(4.4)
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where jLin and fip are the constant mobility values {cmZ/  {V s)) for electrons and 
holes respectively and Tl is the lattice temperature. In Figure 4.2 the electron 
and hole mobility is plotted as a function of temperature for a variety of Ue and % 
values. According to Z.Burshtein et al. [75] the Ue and % values range from 1 to 
3 for high purity materials depending on the carrier-lattice interaction. Their data 
demonstrated that for high purity CZT phonon limited scattering mobility for both 
electrons and holes, where the electron mobility displays a dependence and the 
hole mobility a dependence, and hence ne= l.l and rih=2 are the values used in 
the simulations.
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(a) Electron mobility vs Temperature (b) Hole mobility vs Temperature
Figure 4.2: Mobility vs Temperature.
Figure 4.2(a) shows the significance of cooling CZT devices. Due to the poor hole 
transport properties the signal in CZT detectors is dominated by the transport of 
electrons, which means that cooling the device to 0-C can produce an increase of 
about 1 0 % in electron mobility, which subsequently will improve the signal ampli­
tude.
4.3.3 Shockley-Read-Hall Recom bination M odel
This is the recommended recombination model, which was used in this work, that 
uses fixed minority carrier lifetimes [76]. The standard SRH recombination model
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is described by the following equation:
R s r h  =
n +  riieexp p  +  riie exp - E T R A P \
(4.5)
kTL J
where ETRAP  is the difference between the trap energy level and the intrinsic Fermi 
level, Tl is the lattice temperature and and Tg the hole and electron lifetimes. 
By default this model presumes ETRAP=0.
If a TRAP statement is included and a specific trap level is defined then the SRH 
equation is modified as follows.
• For donor-like traps:
Rpa —
pn
(4.6)
For acceptor-like traps:
RAb =
pn — m
(4.7)
where Uie is the effective intrinsic concentration, D.F is the degeneracy factor of the 
trap level, which takes into account that the ’empty’ and the ’filled’ state will have 
different spin choices. Et is the energy level of the trap which is defined relative 
to the conduction band for Acceptor-like traps and relative to the valence band for 
Donor-like traps as shown in Figure 4.3.
4.3.4 Calculating and P lotting  R esistivity
One way of assessing whether a set of parameters for the material definition are 
correct is to perform bulk IV tests and calculate the material’s resistivity p = R j ,  
where R is the material’s resistance {R = ^/i) in Ohms, A is the cross section of
73
4.3. DEFINING GZT MATERIAL
E.LEVEL for acceptor traps
EtA ‘
EtD
Ev
E.LEVEL for doiror traps
Figure 4.3: Definition of the trap energy level for acceptor and donor traps in refer­
ence to the conduction and valence band edges.
the material measured in m^ and 1 is the length of the material in m. In order to 
simulate the IV measurements and calculate the resistivity of the modelled material 
a 2D planar CZT device was modelled that has Ohmic contacts (no value was given 
to the electrode’s work function) and dimensions 5mm wide (A) and 2 mm thick (1) 
as seen in Figure 4.4. The third dimension is by default considered 1pm.
A node
CZT
C athode
Figure 4.4: Planar CZT device for resistivity calculations.
Certain parameters used were based on bibliography and previous experimental 
work by others. These included electron and hole mobility pe=900cm^V“ R“  ^ and 
P/i^20cm^V“R^^ respectively, a band-gap at room temperature of E^(300)=1.55eV 
(equivalent to a Zn concentration of 10%) and SRH lifetimes Tg=5ps and TL=0.5ps
74
4.3. DEFINING CZT MATERIAL
[26,77]. For intrinsic material and ng= l.l and n/j=2, as mentioned above, the bulk 
IV measurement produces Figure 4.5 which represents a resistivity p = 2x  Qcm, 
which is very close to the values reported in literature for a good quality CZT [69].
Cathode Voltage (V)
-1.50 - 1.00 -0.50 0.50 1.00 1.50
-l.OOE-14
Figure 4.5: Simulated bulk IV for intrinsic CZT.
Plotting resistivity for a range of temperatures and various combinations of ih and 
Tg values and keeping the rest of the parameters the same as above we get Figure 
4.6, which shows that changing the Th and Xg values has no effect on the resistivity.
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Figure 4.6: Simulated resistivity as a function of temperature for CZT.
Performing an IV test from -300V to 300V on the same device produces Figure 4.7, 
which shows that the contacts are truly Ohmic and that the device is symmetric.
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Figure 4.7; Simulated IV from -300V to 300V for Ohmic contacts.
4.3.5 Introducing Traps
Introducing a deep Acceptor-like trap at O.SeV in the material definition should affect 
the resistivity of the material [26,27,78]. Comparing the resistivity of the intrinsic 
material to the material with the trap for a range of temperatures we get the plot 
shown in Figure 4.8. It shows that for the major part of the temperature range the 
resistivity of the two different materials is the same, and only for temperatures below 
250K does the resistivity of the trap including CZT start increasing more than the 
intrinsic one. This suggests that up to 250K the charge carriers get enough thermal 
energy to jump to the conduction band and not stay trapped.
In order to investigate in more detail how traps are simulated by the software package 
it was attempted to duplicate the results by A.Zumbiehl et al. [79] who simulated a 
compensation model by using known acceptor trap energy levels and concentrations 
and plotting resistivity against various donor levels for a range of concentrations, 
and their results are shown in Figure 4.9.
Figure 4.10 shows our simulation results following the above logic and using the same 
values for the trap levels and their concentrations. It is obvious that our results show 
some similarity with Figure 4.9 but only for a small range of donor concentration
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Figure 4.8: Comparing resistivity as a function of temperature between intrinsic 
device and device including a deep acceptor-like trap.
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Figure 4.9: Simulated resistivity for one donor level by Zumbielil et al. [79]. 
and resistivity.
The main issue with the ATLAS results is that there seems to be a limit in the 
resistivity values below 8 x l 0 ^^cm“  ^for all donor levels with the minimum achievable 
resistivity being 4.78x10® flcni. Also, above 8 x 1 0 ^^cni"^ donor concentration the 
resistivity seems to reach a plateau at 1.48x10® flcrn for the shallow (0.3 eV) donor 
level. These results in combination with the results in Figure 4.8 suggest that 
Silvaco ATLAS does not simulate traps levels correctly with the basic models we
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Figure 4.10: Simulated resistivity for one donor level using ATLAS.
chose and with the material parameters values used. This forced us to remove the 
trap statement from the rest of the simulations.
4.4 PIX IE  D evice  S im ulations
In order to study the PIXIE pattern in terms of electric field and potential distribu­
tions, and the effect of the steering electrode Arrays 1  and 4 were simulated. The 
simulated structure can be seen in Figure 4.11 and the dimensions for each array are 
presented in Table 4.1, which are the actual dimensions of the arrays on the PIXIE 
pattern.
g rid  a n p d e l  g r id  a n o d e ?  g rid  a n o d e S  g rid
A B C
CZT
c a th o d e
Figure 4.11: Simulated PIXIE structure.
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A rray  1 A rray  4
A 25pm 50pm
B 175pm 350pm
C 25pm 50pm
Table 4.1: Dimensions of the simulated PIXIE structure for Arrays 1 and 4.
4.4.1 Array 4 Simulations
Using the structure in Figure 4.11 the weighting field of the central pixel was first 
simulated with and without the presence of the steering electrode in order to assess 
the effect of it. For that the central pixel was biased at IV and all the other contacts, 
including the steering electrode, were set at OV. Then the steering electrode was 
removed and the simulation was repeated with the central electrode at IV and the 
neighbouring ones at OV.
4.4.1.1 E lectrical P ro p e rtie s  and  Effect of th e  S teering  G rid
These simulations produce the images in Figure 4.12, which display the weighting 
field distributions for the central pixel of Array 4 with and without a steering elec­
trode. Figure 4.13 compares the width of these weighting fields at a depth of 100pm 
from the pixel.
Figures 4.12 and 4.13 show that the introduction of the steering electrode confines 
the weighting field of the central electrode over a narrower width, and also the high 
field areas appear concentrated between the central pixel and the steering electrode 
and they do not affect the neighbouring pixels. The change in the width of the 
weighting field between the two cases was measured using Figure 4.13 and it is 
from 800pm (FWHM, without the steering electrode) to 750pm (FWHM, with the 
steering electrode), which is about 6.5% difference. That should result in a reduced 
number of transient pulses, since it would be less probable for a charge carrier to 
pass through the weighting field of a pixel, while being collected by a neighbouring 
one, and thus inducing a charge on it according to the Shockley-Ramo theorem.
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D ata fro B  C â 2 n T a ^ ix i« .a t r
(a) Weighting field with steering electrode
B ata  from  C d Z o T e ^ p ix ia .a tr
(b) Weighting field without steering electrode 
Figure 4.12: Simulated weighting fields for Array 4.
Another visualisation that suggests that a steering electrode should have a beneficial 
impact on the performance of the array is shown in Figure 4.14 This displays the 
potential distribution of the array for a cathode bias of -300V and a steering electrode 
bias of -30V (Figure 4.14a) and without a steering electrode (Figure 4.14b). These 
figures show that the steering electrode between the pixels makes the low potential 
areas (in red), which is where the electrons will tend to drift towards, to have a 
narrower width around the pixels and also to extend further into the device compared 
to the case where there is no steering electrode. This suggests that electrons that
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Figure 4.13: Profiles of weighting fields for Array 4 at 100[im from the anodes. Red 
line is with the steering electrode present, blue line without.
are created near the pixel edge are more likely to drift towards the centre of the 
pixel area than the inter-pixel region or a neighbouring pixel.
eroa Cd2aT«j>ixi«.
(a) Cathode bias= -300V, SO bias= -30V (b) Cathode bias= -300V, no SG
Figure 4.14: Simulated potential distril)utions for Array 4.
Plotting the electric held distribution for the above cases (Figure 4.15) makes clearer 
what effect the steering electrode will have to the movement of the electron cloud. 
The electric held lines determine the trajectory of the charge carriers and Figures 
4.15(a) and (b) show how the shape of the electric held changes with the presence
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(b) Cathode bias= -300V, no SG 
Figure 4.15: Simulated electric field distributions for Array 4.
of a steering electrode, by expanding the high held areas near the pixel edges and 
by pushing them further into the device. To help with the interpretation of these 
hgures. Figure 4.16 displays a close-up of the inter-pixel regions of Figures 4.15(a) 
and (b) with the electric held vectors (or lines) imposed on top, where the direction 
of the vectors denote the movement of positive charge. Figure 4.16(a) shows that, 
compared to the case where there is no steering electrode (4.16(b)), the introduction 
of one will make a charge carrier (electron), moving in the inter-pixel region, more 
likely to drift towards one of the pixels and thus getting collected, resulting in less
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charge loss. In the case of a charge cloud, and when that is moving near the pixel 
edge, the presence of the steering electrode should reduce its diffusion towards the 
inter-pixel gap and the neighbouring pixel, reducing again charge loss and charge 
sharing. Also, a low field area is noticed between the two pixels, which when there is 
no steering electrode is right up against the surface of the device leading to increased 
charge loss. When there is a steering electrode, however, this low field area ’sits’ on 
a high field area that should push electrons, that don’t get trapped, away from the 
inter-pixel gap surface towards the pixels reducing charge loss.
ATLAS 
D a ta  fro m  C dZ nT e_p ix ie .5 tr
I J  I, l_ l
(a) Cathode bias= -300V, SG bias= -30V (zoom)
ATLAS 
D a ta  from  C dZ n T e_ p ix ie .s tr
(b) Cathode bias= -300V, no SG (zoom)
Figure 4.16: Simulated electric field distributions and lines for Array 4 (zoom).
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4.4.1 . 2  C ollim ated B eam  E xperim en t and  C harge Collection
The second part of the simulations involved modelling a beam line experiment, where 
a 20pm wide monoergetic beam of 26keV (the same with the Diamond experiment) 
was scanned on the cathode side from the centre of one pixel to the centre of a 
neighbouring one in 40pm steps. The planar cathode was biased at -300V and 
a number of different scenarios were simulated where the steering electrode was 
biased at different voltages. The simulations start with the beam being on for 2nsec 
and then running the simulation for a total of 300nsec until all the charge is fully 
collected.
CMlMC^ Tcj
Figure 4.17: Charge cloud transport and collection.
Figure 4.17 shows how the charge cloud develops and drifts towards the anode 
pixel and gets collected in just over 220nsec, which agrees with other results [5]. 
The figure also shows that because of the steering electrode the charge cloud gets 
’pushed’ towards the pixel when part of it approaches the pixel edge.
The software can produce files with current values for all contacts as a function of 
time that can be analysed and plotted. The resulting current pulses from those
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files were subsequently integrated, which produced transient collected charge pulses 
(Fig. 4.18). Figure 4.18 shows the collected charge from both anodes (or pixels) 
and the total charge collected for four different beam positions. While the beam is 
at the middle of one pixel all the charge is collected by that pixel while the charge 
on the other pixel initially increases and then drops back down to zero. This is a 
characteristic response of a charge cloud drifting through the weighting field of a 
contact and then moving out of it to get finally collected by a neighbouring pixel, as 
described in Chapter 2 . As the beam moves towards the edge of the first pixel and 
through the inter-pixel gap some of the charge starts to get collected by the second 
pixel to end up with an almost 50-50 charge collection between the two pixels in the 
middle of the gap.
M id d le  o f  Pixel 1 Edge o f  Pixel 1
g. 80=
■totalQ
■ A nodelQ
Time (s)
Edge o f  gap M id d le  o f  gap
■total Q 
■ A nodelQ  
■ A nodelQ
Figure 4.18: Collected charge pulses as a function of position.
Finally, the total charge collected at the anodes was plotted as a function of position. 
The three main scenarios that were simulated are:
with no steering electrode present, only a pixelated anode
85
4.4. PIXIE DEVICE S4M[7I,ATI0NS
• with the steering electrode biased at -30V, the same as in the actual beam line 
experiment, and
• with the steering electrode biased at OV, the same as the anode pixels that 
represents the case where the steering electrode might be ’shorted’ to one of 
the pixels. The reason for this scenario is that the experimental results, as 
seen in Section 5.2.2, suggest that this is an actual possibility with significant 
effects on the system’s performance.
The results are shown in Figures 4.19,4.20 and 4.21 as plots of collected charge on 
the pixels vs position.
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Figure 4.19: Beam line scan without a steering electrode present (Array 4).
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Figure 4.20: Beam line scan with steering electrode biased at -30V (Array 4).
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Figure 4.21: Beam line scan with the steering electrode shorted (Array 4).
These plots show that there is no difference between the ’no steering grid’ and the 
biased case. They both show that as the beam moves from Pixel 1 to Pixel 2 the 
charge collected on Pixel 1 starts to drop as the charge on Pixel 2 starts to increase 
suggesting that there is no charge loss. Figure 4.21 shows the effect the steering 
electrode can have if it was shorted to one of the pixels. As it would be expected, 
the electrode acts as an anode and the charge is collected there instead for one of 
the actual anodes and hence the big dip in the ’sum’ line. If we consider the ’sum’ 
line as an inverted Gaussian curve and estimate the FWHM, we find it has the 
same dimensions (150pm) with the same beginning and end as the inter-pixel gap 
(950-1100pm).
Figures 4.22 and 4.23 provide some further explanation for the shape of the previous 
’Collected charge’ plots. The charge cloud collection is shown in Figure 4.22 and it 
clearly shows how the charge cloud is split in the case where the steering electrode 
is biased, which can explain why there is no charge loss. Looking only at this figure 
one could say that the case where the steering grid is shorted and the one where 
it is not included in the simulation seem similar in terms of charge movement, and 
so both cases should display the same charge loss seen in Figure 4.21. However, a 
closer inspection of Figure 4.23, that displays electron current densities, reveals a 
significant difference between the scenarios. Due to the fact that the electric fields
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Figure 4.22: Charge cloud collection in the middle of the gap for the three scenarios 
(Array 4).
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Figure 4.23: Current density in the middle of the gap for the three scenarios (Array
4).
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and potential distributions are different, the current is 'split' between the two pixels 
in the case where there is no steering electrode or when it is biased, whereas when 
the electrode is shorted the current is drawn by the steering electrode. Comparing 
the no steering grid scenario and the biased one it is clear how stronger the effect 
is that the biased electrode has on both the charge cloud and the current density. 
Taking in to account that the material definition is a simplified one and that trapping 
or surface conductivity plays a big role in charge collection [10,13] one can assume 
that in more realistic scenarios the charge collection is going to be better in the case 
where there is a biased steering electrode present.
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Figure 4.24: Beam line scan with steering electrode biased at -lOV (Array 4).
Finally, during the study of other scenarios, where the steering electrode was defined 
as ’floating’ (zero current flowing through it), it was found that the floating potential 
on that electrode was -13.65V. Furthermore, for any simulation scenario where the 
steering electrode was biased at a potential lower than that of -13.65V, it was noticed 
that there was charge loss on the steering electrode (Figure 4.24), which means that 
for this structure and for a -300V detector bias the steering electrode needs to be 
biased to at least -13.65V for it not to have a negative effect.
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4.4.2 Array 1 Simulations
4.4.2.1 E lectrical P ro p ertie s  and  Effect of th e  S teering G rid
For Array 1 exactly the same simulations were ran using the structure already seen 
in Figure 4.11 by changing the dimensions of the electrodes and gaps appropriately.
D ata fro B  C d Z n T e ^ lx ie .a t r
(a) Weighting field with steering electrode
D ata froB  C d Z n T e i x i a . a t r
(b) Weighting field without steering electrode 
Figure 4.25: Simulated weighting fields for Array 1.
Following the same thought process as for Array 4 the weighting fields for the two 
different cases, with and without the steering electrode, are shown in Figure 4.25. 
As with Array 4, the steering electrode confines the weighting field of the central
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electrode in a smaller area, and also the nodes of higher field areas are now confined 
between the steering electrode and the central pixel without extending over to the 
neighbouring pixels, which should reduce transient pulses.
The widths of the weighting field distributions and how they change with the in­
troduction of the steering electrode are shown in Figure 4.26. This shows that the 
reduction in the width of the weighting held is from from 410pm (FWHM, without 
the steering electrode) to 325pm (FWHM, with the steering electrode), which is a 
difference of about 2 1 %. This much larger change compared to Array 4 (6 .2 %) is due 
to the much smaller dimensions of Array 1  and the width of the steering electrode.
CdZnTe_pixie.str
^  ^  E lec tric  F ie ld  (V/cm)
D is tan ce  a lo n g  line
Figure 4.26: Prohles of weighting helds for Array 1  at 100pm from the anodes. Red 
line is with the steering electrode present, blue line without.
Plotting the potential distributions for a device with and without a steering elec­
trode, Figures 4.27(a) and (b) respectively, we get the same overall effect as seen 
previously with Array 4 but more accentuated. This again is mainly down to the 
fact that the dimensions of Array 1  are much smaller than Array 4 so the same bias 
on the steering electrode has a bigger effect. In the case where the steering electrode 
is present (Fig. 4.27(a)) and biased at -30V and the cathode bias is -300V, the 
low potential areas are confined around the anode pixels making the charge carriers
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fro is  C d Z n T * .^ i* i* .  #
(b) Cathode bias= -300V, no SG(a) Cathode bias— -300V, SG bias= -30V
Figure 4.27: Simulated potential distributions for Array 1.
more likely to drift away from the gap and less likely not to be collected by one of 
the anodes. Without the steering electrode (Fig. 4.27(b)) the low potential areas 
are spread over the whole anode area increasing the probability of charge loss in the 
inter-pixel gap.
The electric field distributions (Fig. 4.28), also display a similar change with the in­
troduction of the steering electrode, creating high held areas near the anodes, around 
the inter-pixel gap and further into the device reducing the chances of charge carri­
ers drifting towards the gap and not getting collected. On the other hand, without 
the steering electrode the high held areas are greatly reduced in size increasing the 
chances of charge loss (Fig. 4.28(b)).
This is also seen in Figure 4.29, which displays a close up of the inter-pixel area with 
the electric held lines also present. Figures 4.29(a) and (b) show that the presence 
of the steering electrode curves the held lines towards the pixels and away from the 
inter-pixel gap, which will force electrons to change direction. So again, as with the 
Array 4 simulations, we see that the steering electrode’s effect is towards reducing 
charge loss, charge sharing and transient signals.
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(b) Cathode bias= -300V, no SG 
Figure 4.28: Simulated electric field distributions for Array 1 .
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(a) Cathode bias= -300V, SG bias= -30V (zoom)
ATLAS 
D a ta  from  C d Z n T e_p ix i9 .s tr
(b) Cathode bias= -300V, no SG (zoom)
Figure 4.29: Simulated electric field distributions and lines for Array 1  (zoom).
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4.4.2 . 2  C ollim ated B eam  E xperim en t and  C harge C ollection
Performing the same beam line scans, as with Array 4, across two pixels of Array 1, 
with the same beam size (20pm) and energy (26keV) and at 20pm steps, produces 
the charge collection vs position plots seen in Figures 4.31, 4.30 and 4.32 for the 
three scenarios where there is no steering electrode, the steering electrode is biased 
at -30V, and when the steering electrode is biased at OV (’shorted’ to the anodes).
1 20 - Collected Q vs Position (noSG)
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Figure 4.30: Beam line scan without a steering electrode (Array 1).
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Figure 4.31: Beam line scan with steering electrode biased at -30V (Array 1).
Figures 4.31 and 4.30 show that there is no charge loss since the summed collected 
charge line stays flat at 1 0 0 %, which is to be expected since the inter-pixel gap is so 
small compared to the charge cloud [10]. However, because the inter-pixel gap is so 
much smaller compared to the beam than in Array 4 there is increased charge share
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Figure 4.32; Beam line scan with the steering electrode shorted (Array 1).
and that can be seen in the less steep profile of the Pixel 1 and Pixel 2 lines and in 
the way that they increase and decrease as the beam approaches the edges of the 
anode pixels. Finally, as with Array 4, if the steering electrode is at the same bias 
as the pixels, a large amount of charge is collected on it and it’s lost (subtracted) 
from the charge collected by the anodes. This is seen in Figure 4.32, where the dip 
in the ’sum’ line is not as big as with Array 4, because the inter-pixel gap is much 
smaller and some of the charge still gets collected by the anodes (Fig. 4.33, 4.34). 
The increased charge share can be seen in Figure 4.33, where is shown how large 
the charge cloud is compared to the inter-pixel gap and also compared to the case 
for Array 4 in Figure 4.22. Figures 4.33 and 4.34 also show how the biased steering 
electrode splits the charge cloud and current density without letting charge arrive 
in the inter-pixel gap uncollected or be collected by the steering electrode itself.
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Figure 4.33: Charge cloud collection in the middle of the gap for the three scenarios 
(Array 1 ).
OwkenCfUAT* Bin*» MO SG 0M*toMCtf^ f*flw*.9 SG biased
Figure 4.34: Current density in the middle of the gap for the three scenarios (Array 
1 ).
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4.5 Sum m ary
The previous paragraphs have presented how the Silvaco ATLAS simulation package 
works and how it was used to simulate CZT material and to model a pixelated CZT 
device in order to study its electrical properties. Using this software two pixelated 
CZT devices with electrode structures same as two of the arrays found on the PIXIE 
electrode design and studied the effect of steering electrodes on weighting fields, 
electric field and potential distributions, as well as the transport of charge that was 
created by a monoergetic beam. Transient current data was analysed and integrated 
to produce collected charge plots as a function of position.
What these simulations have showed is that the steering electrode has a significant 
effect on the electrical properties of a pixelated device by confining low potential 
areas and weighting fields around the anode pixels reducing the chances of charge 
loss in the inter-pixel gap, mainly for the Array 4 since the gap in Array 1  leaves 
little room for significant charge loss. Also, the way the electric field is affected 
by increasing the high field areas size around the pixels and inter-pixel gap, which 
reduces the chances of any charge carriers drifting towards the inter-pixel gap and 
not getting collected or being collected by a neighbouring pixel, by changing shape 
of the field lines around that area. Overall these changes to the electrical properties 
of the device suggest that the use of a steering electrode, at the right bias, should 
reduce charge loss and charge sharing in a pixelated CZT detector.
Finally, the beam simulations partly confirm the above arguments. They show that 
when the inter-pixel gap is small enough compared to the charge cloud there is in­
creased charge sharing between pixels. In both cases it was shown that care should 
be taken in the fabrication of such devices since if the steering electrode is shorted 
to one of the pixels then significant charge loss can occur that would severely affect 
the performance of the detector. It has to be noted that these simulations are not as 
realistic as possible since it wasn’t possible to define the material accurately enough
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in order to allow simulation of any trapping or surface conduction phenomena. How­
ever, the results presented in this chapter are a good overall aid in understanding 
the effects of steering electrodes and an attempt to simulate a very realistic CZT 
material would have been beyond the scope of this work as it would require different 
software packages.
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Chapter 5
Performance Measurements of 
PIXIE Devices
As described in Chapter 2, CZT with its large band gap and high Z number is an 
interesting material for the fabrication of radiation detectors. However, one of its 
disadvantages is the poor hole transport properties, which can have a negative effect 
on the performance of a detector. This calls for the use of pixelated anode structures 
that remove the hole contribution in the output signal. Pixelated anodes come with 
their own drawbacks, like charge sharing, and in this chapter we present the results 
from our study into the charge sharing effect and how steering electrodes are used 
to negate this effect. Two detectors with the PIXIE anode pattern, as described 
in Chapter 3, were used for these experiments, one fabricated at the University of 
Surrey and one by QuikPak both using Redlen Technologies CZT material.
In the first part of this chapter the general performance of the two detectors is 
described and how the dedicated Lab View was optimised. In the second part, the 
two collimated beam experiments that were performed to study in depth the charge 
sharing effect and how that is affected with the use of a steering electrode are 
described.
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5.1 G eneral Spectroscop ic Perform ance and Lab- 
V IE W  Param eters
In order to study the general performance of the two PIXIE detectors and the effects 
related to pixelated detectors a number of spectroscopic measurements were carried 
out using sealed sources. The results from these measurements are presented in this 
section, as well as the analysis that describes how the parameters of the LabView 
software were chosen.
5.1.1 Single P ixel Spectra
In order to be able to analyse offline the data collected using the PIXIE system a 
dedicated LabView program was created . The software reads the recorded data files 
in list mode and after applying a digital CR-(RC)” shaping process to the signal of 
each pixel per event, a pulse height spectrum is created for each pixel. This allows 
us to study each pixel individually and not each array as a whole, which is useful 
for an in depth study of performance and to identify any possible individual pixel 
issues that may affect the detector’s performance.
The next figures show the resulting individual pixel spectra for the Redlen PIXIE 
detector for all four arrays when they were irradiated with an Am-241 gamma source. 
Figure 5.1 shows that the spectroscopic performance of Array 1 is very poor, which, 
as it will be explained in another section of this chapter, is due to the fact that the 
steering electrode that surrounds all nine pixels of the array was shorted to one or 
more (possibly pixels 1  and 2 ) of the pixels affecting significantly the performance of 
the device. This made it very difficult to calibrate this array and hence the horizontal 
axis in Figure 5.1 is in channels and not in keV as in the other three arrays.
The other three arrays display better energy resolution with Array 4 being the best 
out of the four (Fig. 5.4), compared to Array 2 (Fig. 5.2) and Array 3 (Fig. 5.3).
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Figure 5.1: Single pixel Am-241 spectra recorded by Array 1 at a detector bias of 
-300 V .
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Figure 5.2: Single pixel Am-241 spectra recorded by Array 2 at a detector bias of 
-300 V.
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5.3: Single pixel Am-241 spectra recorded by Array 3 at a detector bias of
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Figure 5.4: Single pixel Am-241 spectra recorded by Array 4 at a detector bias of 
-300 V.
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The main reason behind Array’s 4 better performance, compared to the other two 
arrays, is probably the reduced amount of charge sharing between pixels due Array’s 
4 much larger pixels and inter-pixel gap (see Table 5.1). With Array 4 showing the 
best energy resolution most of the performance analysis and software parameter 
setup was based on data acquired with that array.
A RRA Y PAD SIZE G A P
1 175pm 75pm
2 175pm 75pm
3 2 0 0 pm 50pm
4 350pm 150pm
Table 5.1: PIXIE pattern array dimensions.
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Figure 5.5: Individual Tb spectra from the pixels of Array 4.
Another source that was used for this experimental work was a Am-VEX source 
with a Tb target that produces characteristic and Kp X-rays with energies of 
44keV and 50keV respectively. The individual Tb spectra for each pixel of Array 4 
are shown in Figure 5.5 and Table 5.2 sums up the energy resolution of each pixel
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that corresponds to these spectra. Pixel 1 is non-operational because it is used to 
supply the bias to the guard ring that surrounds all four arrays. All the pixels 
appear to have a similar performance, in terms of energy resolution, of just under 
2keV FWHM at 44keV. For at least half of the pixels the Cd and Te escape peaks 
are also visible at approximately 21keV and 17keV respectively.
P IX E L F W H M  R eso lu tion  a t 44keV
1 N/A
2 1.75 keV
3 2 keV
4 1.75 keV
5 2 keV
6 1.9 keV
7 1.85 keV
8 1.85 keV
9 1.85 keV
Table 5.2: Individual pixel performance of Array 4.
5.1.2 Analysis Software Param eters
All of the previous spectra were created using the digital CR-(RC)” shaper described 
in Chapter 3 using a time constant of x=0.5ps and four stages of integration (n=4). 
The time constant was chosen after the resolution of a single pixel spectrum was mea­
sured for different shaping time constants, while keeping the number of integration 
stages constant at 4. Figure 5.6 shows the results of this analysis, where the FWHM 
of pixel 2  in Array 4 is displayed as a function of t  and it is shown that a shaping 
time of T=0.5ps displays the best energy resolution of about 1.75keV FWHM at 
44keV. It has to be noted that this energy resolution of 1.75keV is the pixel’s overall 
resolution including the ASIC’s resolution of about %lkeV as described in Chapter 
3.
Another important part of the software is the energy threshold that is applied to the
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S h a p in g  T im e (ps)
Figure 5.6: Energy resolution as a function of shaping time for Pixel 2, Array 4.
pulses during analysis and defines what pulses are registered as hits, which in turn 
defines the multiplicity number of each event. Events where only one pixel registers a 
hit are single or multiplicity one (M =l) events, whereas if two or more pixels register 
a hit in one event the multiplicity number increases accordingly (M=2, M=3 etc). 
In order to select a valid threshold value for the analysis a test was performed using 
the data from the Tb target source, where the threshold was varied between 7 and 25 
channels in steps of 3 channels and it was plotted against the percentage of events 
for different multiplicities. The results for all four arrays are displayed in Figure 
5.7 and they show that for low threshold values, the number of single events falls 
significantly since noise starts being registered as actual hits and the number of 
multiple events increases; as the threshold increases the single events increase while 
multiple events decrease.
The choice of the optimum threshold was based on the fact that it needs to be 
high enough in order to avoid noise increasing the multiplicity number of events by 
creating erroneous hits, and at the same time low enough in order not to screen out 
true multiple events. If a true multiple event is turned into a single hit event, due 
to high threshold, then the energy of that event is not represented correctly in the 
spectrum. Such a charge loss event will have a negative effect on the resolution by 
increasing low energy tailing. Due to the different energy calibration of each array.
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Figure 5.7: Percentage of events vs Threshold for all arrays.
the optimum threshold was chosen in number of channels. Based on the behaviour 
of Array 4 in Figure 5.7 the optimum threshold was chosen to be 16 channels which 
is represented in keV as a red dashed line in Figure 5.7 for each array.
5.1.3 Gain M atching and Summed Spectra
For any analysis of resolution or charge sharing effects to take place the individual 
pixels have to be gain matched. If the pixels arc not matched for gain and offset, 
events of the same energy will appear at different channel number for each pixel as 
Fig. 5.8 shows. Possible reasons for this mismatch in gains and offsets are small 
differences in preamplifier gain for each pixel in the ASIC, material defects which 
can affect charge transport, electric held non-uniformities, contacts etc.
These differences between pixels can affect the energy resolution and performance of 
the detector when the individual pixel spectra are summed to create a hnal summed 
spectrum, as seen in Figure 5.9. This hgure shows that the different gains and offsets
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Figure 5.8: Uncalibrated Array 4 Am-241 spectra.
are causing the summed spectrum to display a double 60keV peak and also to lose 
some of the ability to discriminate the lower energy features of an Am-241 spectrum.
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Figure 5.9: Effect of uncalibrated pixels on summed spectrum (Am-241) of Array 4 
with a double GOkeV peak appearing due to lack of gain matching.
In order to correct for this mismatch each pixel in each array was calibrated using 
two sealed sources, a Tb target of an Am-VEX source and an Am-241 gamma source. 
The main peaks of these sources, 44keV and 59,5keV respectively, as well as two of
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the characteristic Neptunium X-ray peaks of the Am-241 spectrum were used to 
convert the channel numbers to measured energy as shown in Figure 5.10. The 
gradient of each linear regression is the gain of each pixel and the y-intercept is the 
offset. Figure 5.10 also displays that the device is very linear, which is an important 
characteristic of a detector.
P2 P3
| 4 0
%30
|2 D
P4 PS P6
1 “g 20
% «
P7 P8
% 40 % 40
Figure 5.10: Calibration curves for each pixel in Array 4.
By inputting these gain and offset values for each pixel into the analysis software a 
summed spectrum of the array being analysed can be produced with all the pixels 
gain matched. This can give us energy resolution information for the entire array and 
how the pixel size and pixel pitch can affect the performance of a pixelated detector. 
The summed spectra for the three arrays that show spectroscopic performance are 
shown in Figure 5.11 and their respective energy resolution information in Table 5.3. 
Table 5.3 shows that from the three arrays, Array 4 has the best performance with a 
FWHM of 2.2keV at bOkeV and also displaying good overall spectroscopy with the 
Neptunium characteristic X-rays, and also the Cd and Te escape peaks at 37keV, 
34keV and 28keV clearly visible. Arrays 2 and 3 have a broader 60keV peak than
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ARRAY 2_SUM  SPECTRUM
ARRAY 1
3.9keV
Energy (keV)
ARRAY3_SUM SPECTRUM ARRAY4_SUM SPECTRUM
ll7.7keV
13.9keV,
2.2keV
20.7keV
Energy (keV) Energy (keV)
Figure 5.11: Summed Am-241 spectra for Arrays 2 , 3 and 4.
A RRA Y W orking pixels SU M M ED  S P E C T R U M  R ESO L U TIO N  (FW H M )
1 7 N/A
2 9 3.9 keV
3 9 4.8 keV
4 8 2.2 keV
Table 5.3: Working pixels and resolution information for each array.
Array 4, which is most likely due to the increased charge sharing between pixels. 
This increased charge sharing is due to the fact that on Arrays 2  and 3 the pixel size 
and inter-pixel gap are smaller than those on Array 4 and also smaller compared to 
the charge cloud.
Array 4 has the best resolution because it has the largest pixel size and inter-pixel 
gap. This reduces the amount of charge share as Figure 5.12 shows, where the 
largest percentage of events in Array 4 are single events, some M= 2  events (%15%) 
and almost 0% M=3 and M=4 events. Comparing Array 2  and Array 3, Figure 5.12 
shows that the smaller inter-pixel gap in Array 3 increases the chances of the charge 
cloud being shared between two or more pixels compared to Array 2  where the gap is
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Figure 5.12: Comparison of multiplicities of events between arrays.
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Figure 5.13: Redlen device, Array4 summed Co-57 spectroscopy
25pm bigger. Both arrays have about the same number of single and double events 
(~50%) but Array 3 has slightly more M=3 and M=4 events than Array 2 , and it 
is this effect that can explain the increased low energy broadening of the photopeak 
in Array 3 compared to Array 2 (Fig. 5.11). Finally, the trends observed for Array 
1  suggest that some of the pixels are shorted to the steering electrode since charge 
sharing on Array 1 , when the steering electrode is unbiased, should be more like 
Array 2  that has the same pixel size and pitch. An electrical short like that could 
result in increased charge loss, even make multiple events appear as single events
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and also making the resulting pulses smaller, hence increasing low energy events. 
The response of Array 4 for higher energies remains very good with a FWHM reso­
lution of 4.5keV at 122keV for a summed spectrum as seen in Figure 5.13.
5.1.4 QuikPak Fabricated D evice
A similar general performance study was also performed with the second PIXIE 
device and the results will be presented in this section. Two different cathode 
biases were used for our measurements, -lOOV and -300V in order to show how the 
cathode bias can affect the performance of the detector due to the difference in 
charge collection efficiency. Also, the steering electrode was left disconnected and 
then biased at -I5V for both values of cathode bias. Our efforts were focused only 
on Arrays 1  and 4 in order to study mainly the effects of the steering electrode. 
Initially, as with the first PIXIE device, the arrays were calibrated using the Tb 
target of the VEX source and an Am-241 gamma source. The calibration results for 
arrays 1 and 4 at -300V are shown in Figure 5.14. Some pixels in Array 1 were not 
operational but both arrays show very good linearity.
In terms of spectroscopic performance at -300V Array 4 (Fig. 5.15b) again is much 
better than Array 1 (Fig. 5.15a). The energy resolution of the main photopeak on 
Array’s 4 summed spectrum is about 3.2keV at 60keV, which is not as good as the 
first PIXIE detector’s performance (2.2keV). However, the Neptunium characteristic 
X-rays and the Cd and Te escape peaks are again visible. Array 1 displays some 
spectroscopic capabilities with the main photopeak and some of the Np X-rays being 
visible, but not very well resolved. It is hard to find a main cause for Array’s 1  
poor performance, but the fact that Array 4 shows slightly worse energy resolution 
compared to the other PIXIE detector suggests that the whole of the device may 
not be as good. Possible reasons for that could be material quality (even though 
both devices were made out of Redlen Technologies material), fabrication issues (two
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Figure 5.14: Calibration results for Arrays 1  and 4 at -300V cathode bias.
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different techniques were used) and the existence of the steering electrode, which in 
the QuikPak PIXIE device was extended and surrounded all 9 pixels in Array 4.
ARRAY 1_-300V
SO 4
E nergy  (keV)
(a) Array 1 suinmed spectrum (-300V).
ARRAY 4  -300V
E n e r fy  (k tV )
(b) Array 4 summed spectrum (-300V). 
Figure 5.15: Comparison of Arrays 1  and 4 using an Am-241 source at -300V.
ARRAY 1_-100V
j
E n e r iv  (keV)
ARRAY 4_-100V
E n e r jy  (keV)
(a) Array 1 summed spectrum (-100V). (b) Array 4 summed spectrum (-100V).
Figure 5.16: Comparison of Arrays 1 and 4 using an Am-241 source at -lOOV.
When the cathode bias is reduced to -lOOV the response from both arrays changes. 
On Array 1  (Fig. 5.16a) the 60keV photopeak is less prominent and with a wider 
low energy tailing. A similar effect is seen with Array 4 where the FWHM of the 
main photopeak is increased to 4.5keV and with Cd and Te escape peaks not being 
visible anymore. This is due the reduced charge collection efficiency because of the 
reduced cathode bias. Reducing the cathode bias may reduce leakage currents but 
increases the probability for charge trapping and charge diffusion phenomena which 
deteriorate the detector’s performance.
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Biasing the steering electrode at -15V produces Figures 5.17 and 5.18, which compare 
the spectroscopic performance of the two arrays at -lOOV and -300V and how it 
changes from when the steering electrode is disconnected to when is biased. In all 
of the cases the biasing of the steering electrode makes no difference in the shape of 
the spectra produced by the two arrays. This could be due to a number of different 
reasons, from the steering electrode not being connected at all, to being shorted 
to one or more pixels or not having any effect in the amount of charge sharing. 
The connection of the steering electrode cannot be tested since there is not output 
channel for it, only a biasing connection.
ARRAY 1 ARRAY4
100
(a) Array 1 at -lOOV, without SG and with SG at(b) Array 4 at -lOOV, without SG and with SG at 
-15V. -15V.
Figure 5.17: Comparison of the steering electrode effect on Arrays 1 and 4 at -lOOV
ARRAY1
E nergy  (keV)
ARRAY4
(a) Array 1 at -300V, without SG and with SG at(b) Array 4 at -300V, without SG and with SG at 
-15V. -15V.
Figure 5.18: Comparison of the steering electrode effect on Arrays 1  and 4 at -300V
However, the amount of charge sharing and the multiplicity combinations of the
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events in each array can be studied and provide some insight in the behaviour of 
the detector. Plotting the number of events for each multiplicity (M) value for 
Arrays 1, 2  and 4 at -300V produces Figure 5.19, which shows that Arrays 1 and 
4 mainly have M=1 events (%80%) with a small amount of multiple events (M>1) 
compared to Array 2. For Array 4 that is to be expected due to the large pixel size, 
but Arrays 1  and 2  have the same anode size and pixel pitch and should have the 
same behaviour. This suggests that the presence of the steering electrode has an 
effect on the multiplicity of events on that array. Taking, however, the spectroscopic 
performance of Array 1  this does not necessarily improve the energy resolution of 
the device.
H  60.00*-*
s  50.0055 « A rra y !  300V
■  Array2 300V
S  A rrays 300V
MULTIPLICITY
Figure 5.19: Comparison of multiplicities for arrays 1, 2 and 4 at -300V.
Looking into the effect of the cathode bias on the amount of charge share using the 
multiplicities of events for different biases and for Arrays 1  and 4, Figure 5.20 is 
created. This figure shows that for both arrays increasing the cathode bias increases 
the M=1 events and reduces in the same manner the M>1 events, which improves 
the energy resolution of the detector as it was described above.
Finally, the effect of the steering electrode was investigated at -lOOV and -300V for 
both arrays. Figure 5.21 presents the results of this investigation in terms of charge 
sharing and multiplicities. The results are presented for each array separately for 
both cathode biases with the steering electrode disconnected and biased. Figure
116
5.L GENERAL SREGTROSGORIG PEREORMANGE AND LABVIEW
PARAMETERS
ARRAY1
 ^ 609& -J
S  S05i 1
ARRAY4
2  50%
MULTIPLICITY
Figure 5.20: Effect of cathode bias on multiplicity for Arrays 1  and 4.
5.21a shows that for Array 1 biasing the steering electrode at -15V when the detector 
bias is -300V has no effect on the distribution of the various multiplicities, whereas 
when the detector is biased at -lOOV there is small increase in the M=1 events with 
a subsequent decrease in the M>1 events. This increase, however, is very small to 
be considered significant.
ARRAY 1
■ lOOV noSG
■ 100VSG15V 
8l3Q0VnoS6 
«3ÛOVSQ15V
MULTIPLICITY
ARRAY4
■ lOOVnoSG
■ lOOVSGlSV 
S300VnoSG
■ 300VSG15V
(a) Array 1, effect of steering electrode on multiplie- (b) Array 4, effect of steering electrode on multiplic­
ities at -lOOV and -300V. ities at -lOOV and -300V.
Figure 5.21: How the steering electrode affects multiplicities at -lOOV and -300V for 
Arrays 1 and 4.
Figure 5.21b shows the results of the same investigation on Array 4. As with Array 
1 , there does not seem to be any change on how the multiplicities vary when the 
steering electrode is biased for the two cathode biases.
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5.2 P IX IE  M easurem ents A t D iam ond Synchrotron
In order to investigate the effect of charge sharing and the effect that it has on the 
performance of a pixelated detector the Redlen PIXIE sensor was taken to the 115 
beam-line at the Diamond Light Source where a number of line scans were performed 
between neighbouring pixels. Line scans were also performed with the steering 
electrode biased in order to assess if and how it can reduce charge sharing and 
charge loss between adjacent pixels, in an attempt to improve detector performance.
In this section the line scans experiment and results on Array 4 will be presented 
and explained. Array 1  was not used for these measurements, because as it was 
shown earlier in the chapter the very poor spectroscopy and the overall performance 
of the array suggested that there was some sort of failure.
5.2.1 Experim ent Setup and Beam  Spectra
The geometry and equipment used for this experiment have been presented in Chap­
ter 3 and what will be discussed here is the procedure followed during the experiment 
in order to perform the measurements and information as to how the acquired data 
was analysed.
Having positioned the detector in front of the beam. Array 4 was selected, being the 
largest of the four arrays, in order to determine the position of the beam relative 
to the detector. Using a wider beam diameter of 2mm, than the 20pm used for the 
actual measurements, and setting the acquisition software to record only counts/sec 
the area around Array 4 was scanned and the number of counts/sec against position 
(x-z co-ordinates) on Pixel 5 were recorded.
This allowed us to roughly identify the middle of the array since the number of 
counts is at its maximum when the beam is in the middle of the array and over 
Pixel 5. Afterwards, the beam was collimated down to 2 0 pm and line scans were 
performed that covered two sets of pixels; the first being pixels 2, 5 and 8  and the
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Figure 5.22: Counts vs position along pixels 4, 5 and 6 .
other one pixels 4, 5 and 6 . This helped us create two intersecting line scans one 
along the x-axis of movement and one along the z-axis, one of which is seen in Figure 
5.22, thus allowing us to accurately pinpoint the co-ordinates of the centre of Pixel 
5 by finding the middle along the x and z axis.
■ □ ■ I I ■
!■ ■■ ■■■ 1■ ■■ H■ ■iî 1   ■ ■ ■■ 1r 1
L l
■ ■■ I■ ■■ I■ ■■ I——
Figure 5.23: Diagram of the PIXIE detector from a beam ’point of view’ and the 
line along which the scan was performed on Array 4.
When the centre of Pixel 5 on Array 4 was identified, two line scans were performed 
from the middle of Pixel 5 to the middle of Pixel 6  along the z-axis, represented by the
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yellow line seen in Figure 5.23. This figure also displays the geometry of the detector 
as it was ’seen’ by the incident beam. The line scans on Array 4 were performed 
using a 26keV beam, which is below the mean K-shell energy of Cd (26.7keV) and 
Te (31.8keV), to avoid creating fluorescence X-rays that would increase the size of 
the initial charge cloud, which would in turn increase the amount of charge sharing. 
The first line scan was performed with the steering electrode disconnected, while for 
the second one it was biased at -30V with the cathode bias set at -300V for both 
scans.
300 -1
250  -
200  -
§ 1 5 0  -
100  -
50 -
J I. . .
5 10 15 20 25 30 35 40
Energy (keV)
Figure 5.24; 26keV spectrum recorded by Pixel 5.
Figure 5.24 displays the spectrum of the 26keV beam as it was recorded by Pixel 5 
when the beam was incident at the centre of the pixel. The FWHM of the 26keV 
photopeak is l.lkeV, which, taking into account that the ASIC’s contribution is 
about IkeV as already mentioned in Chapter 3, the detector’s resolution is JideA. =
(1.1)^ -  (1)2 =  0.5keV FWHM.
For the analysis we looked at the collected energy from Pixels 5 and 6  as well as the 
summed energy for each beam position along the line scan by recording the peak 
centroid. This way we were able to track how the collected energy in each pixel and 
in the summed spectrum is affected by charge loss and charge sharing. Also, the 
variation in the classification of events in terms of multiplicity was recorded for each
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position giving us information as to how much charge sharing increases when the 
beam position is in the inter-pixel region.
5.2.2 R esults of Line Scans
After locating pixel 5 on Array 4, a line scan was performed from the centre of that 
pixel to the centre of Pixel 6  with a step of 40pm. As the beam moves away from 
the pixel centre and towards the pixel edge and eventually in the inter-pixel area the 
centroid of the photopeak moves towards lower energies due to charge loss as seen in 
Figure 5.25 and eventually drops below the energy threshold set, so no more hits are 
registered on that pixel. At the same time and after a certain position the charge 
collected from Pixel 6  starts to increase so the centroid of the recorded photopeak 
on the pixel starts moving from low energies towards 26keV.
By recording this movement of the photopeak centroid on Pixels 5 and 6  and also on 
the summed spectrum, which represents the total charge collected by the detector, 
we were able to plot the the curves in Figure 5.26. This figure shows how the peak 
centroid (recorded energy) is reduced as the beam moves across the pixels and the 
gap for both line scans, with the steering electrode disconnected and then biased at 
-30V. The figure displays the recorded pulse height for both pixels as a function of 
beam position and the summed recorded energy. We can see that when the steering 
electrode is unbiased there is a significant charge loss in the inter-pixel gap almost 
equal to 20keV and that this charge loss spreads over an area that is about as wide 
as the inter-pixel gap (150pm, vertical dotted lines). In the second case, where the 
steering electrode is biased, there is still the same amount of charge loss, however, 
the width of that area is reduced by about 40pm. This reduction in the width of 
the charge loss area suggests that the use of a biased steering electrode may help 
the charge collection efficiency of a pixelated detector, but not necessarily the total 
charge loss if the gap is too big.
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Figure 5.25; Variation in charge collection by Pixel 5 as the 26keV beam moves to 
Pixel 6 .
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Figure 5.26: Recorded Energy vs Beam Position on Array 4 with the steering elec­
trode unbiased and biased.
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The previous analysis displayed the amount of charge loss in the inter-pixel region 
and how that changes with the use of a steering electrode. In order to assess how 
much charge sharing there is between the two pixels the multiplicity of events was 
recorded for each beam position. Figure 5.27 displays the number of counts (as a 
percentage of the total number of events in that position) of single and double events 
(M =l and M=2 respectively) as the beam moves from one pixel to the other with 
the steering electrode unbiased and biased at -30V. The majority (almost 100%) of 
events are single events when the beam is over the centre of either pixel. There is a 
small reduction of single events, and a subsequent increase of double events, when 
the beam is in the inter-pixel gap in both cases, which suggests that the steering 
electrode has no effect on charge sharing for Array 4. It is important to note, for the 
system’s performance, that when the beam is in the inter-pixel region the decrease 
of the M—1 events is equal to the increase of the M=2 events, which means that all 
the events are recovered.
I Pixel 5Pixel 5 Pixel 6
P o sitio n  z-axis (m m ) Position  i-ax is (m m )
SG -30VNO SG
Figure 5.27: Charge sharing vs Beam Position on Array 4 with the steering electrode 
unbiased and biased.
As a comparison the results from the mecisiiremeiits and a similar analysis on Array 3 
are presented in Figure 5.28. For Array 3 two different energies were used (26keV and 
40keV) to study the effect of the beam energy on the amount of charge sharing on the
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smaller pixel arrays. The data from this Array was analysed by Chris All work [80] 
as the experiment was setup and undertaken as a joint effort. As Figure 5.28 shows, 
the smaller pixel size of Array 3 makes a big difference in the amount of charge loss 
between the two anodes, compared to Array 4, as well as in the amount of events 
with higher multiplicities even at 26keV. Increasing the energy to 40keV does not 
seem to change the amount of charge loss (around 11.5% in both cases), but it does 
increase the amount of charge share even at positions where the beam is the middle 
of either pixel.
- 20
■ Pixel 5 
— -  Pixel 4 
• • • Pixel Edge 
—  Sum Speetrum
- -  Pixel 
Edge
Distance from center of pixel S (jun) Distance from center o f  pixel 5 (pm)
100
(b )E » 4 0 k e V
m >  I
Î  25
—  Pixel
Distance from center o f pixel 5 (pm) Distance from center o f pixel 5 (pm)
Figure 5.28: Energy variation and classification of events between Pixels 4 and 5 on 
Array 3, for 26keV and 40keV beams [80].
The large difference between the two arrays in the amount of charge loss, about 
20keV (78%) for Array 4 and 3keV (11.5%) for Array 3, does not correspond to the 
difference in pixel and inter-pixel gap size. These results in conjunction with the fact 
that the steering electrode does not seem to have a significant effect in terms of total 
charge loss and charge sharing, and also taking into account the simulation results, 
suggest that the steering electrode is not operating properly. If we also consider the
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fact that Array 1  was not operating as it was expected leads us to the conclusion 
that probably during the bonding process the steering electrode was shorted to one 
or more anode pixels of Array 1. This would cause it to act as an extra collecting 
electrode between the anode pixels thus attracting charge instead of diverting it 
towards the actual anodes. This also explains the behaviour of Array 1 in Section
5.1 with the poor spectroscopy and the small amount of charge sharing (similar to 
Array 4) in terms of multiple events (Fig. 5.12).
5.3 P IX IE  M easurem ents U sing A  C ollim ated X- 
ray B eam
Since the two detectors used for our measurements were fabricated at very different 
time periods, the QP_6293 device was not available for the Diamond beam experi­
ments. This meant that an alternative to the Diamond facilities needed to be found 
and that was an X-ray tube at RAL that was fitted with a 10pm collimator as 
described in Chapter 3. The results of these measurements are presented in this 
section.
5.3.1 Collim ation and Beam  Spot Size
Before using the RAL X-ray tube for our experiments the collimator was tested in 
order to provide an indication of the achievable beam spot size. That is because 
given that the smallest pad size on the PIXIE structure is 175pmxl75pm the beam 
spot needs to be as small as possible in order to perform an efficient scan across the 
pixels without much overlap. In order to check the beam spot size created by this 
collimator a number of measurements were performed using different tube settings 
and at various distances of the collimator’s tip to the surface of the detector. A 
series of images were acquired using the Achilles CMOS sensor, which is 50pm thick
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to reduce charge spread with a 14pm pixel size and it is operated at 10 frames per 
second. The images that were taken were an average of 20-50 frames and were 
analysed using MATLAB.
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Figure 5.29: Collimator spot size at 30kV, 30mA and 0.5mm. The axes in the 3D 
profile are in pm whereas the 2D image is in number of pixels.
Figure 5.29 displays the resulting spot size image and a 3D profile for the first set of 
tube settings of 30kV and 30mA at a distance of 0.5rnm from the sensor’s surface. 
From this figure it can be deduced that the beam spot size with those settings is 
about 3x3 pixels, which means it is about 42pm wide (14pm per pixel) including the 
spread of the charge inside the device.
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Figure 5.30: Collimator spot size at 30kV, lOniA and 0.5mm
The third set of settings was different only in terms of collimator to sensor distance, 
where the collimator tip was moved at 2cm away from the sensor’s surface. Figure
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5.31 shows that increasing the distance has no real effect on the size of the beam 
spot as that seems to remain being 3x3 pixels wide.
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Figure 5.31: Collimator spot size at 30kV, 1 0 mA and 2 cm
For the second measurement the tube current was changed to 10mA while the voltage 
and the distance remained the same as before (30kV and 0.5mm). The analysis 
produced the intensity maps seen in Figure 5.30, which shows that dimensions of 
the spot size remained the same and the only difference from the previous settings 
is in the intensity of the beam.
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Figure 5.32: Collimator spot size at 50kV, 30mA and 0.5mm
Finally, the tube voltage was increased to 50kV as the higher beam energy may affect 
the collimation and increase scatter. The current was turned back up to 30mA and 
the distance was decreased back down to 0.5mm. The resulting intensity maps are
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displayed in Figure 5.32, which shows that even at higher energies the beam spot 
size remains about 42pm wide. It has to be noted that the resulting collimated 
intensity map and subsequently the beam size include the charge spread within the 
detector, which means that the actual beam size that hits the detector is less than 
42pm.
5.3.2 X-ray Beam  Spectroscopy
One of the main differences between the two collimated beam experiments is that 
in the first one at Diamond a monochromatic beam was used for our measurements, 
whereas the X-ray beam emitted from the X-ray tube at RAL has a range of energies. 
Two accelerating voltages were used, a 25kV (below the K-edges of Cd and Te) and 
a 40kV, with the maximum energy the X-ray tube could reach being 50kV.
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(a) 25kV X-ray spectrum on Pixel 5 of Array 1.
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(b) 40kV X-ray spectrum on Pixel 5 of Array 1.
Figure 5.33: X-ray energy spectra recorded by Pixel 5 on Array 1.
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Figure 5.34: Variation in spectroscopy as the 25kV X-ray beam moves from Pixel 2 
to Pixel 5.
The spectra for the two energies used, as recorded by Pixel 5 of Array 1, can be 
seen in Figure 5.33a (25kV) and Figure 5.33b (40kV). The 25kV spectrum has a 
maximum energy of 25keV and an effective energy of about 19keV [81], while the
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40kV spectrum has a maximum of 40keV and an effective energy of 21.9keV [81]. 
In both cases the Tungsten L-lines at about 9keV stand out from the rest of the 
spectrum, while no other characteristic lines or escape peaks are visible.
As with the Diamond experiment the beam was scanned from the centre of one pixel 
to the centre of an adjacent pixel. Figure 5.34 shows how the recorded 25kV spectra 
are affected by the movement of the collimated beam from Pixel 2  to Pixel 5. When 
the beam’s position is over the centre of pixel 2  all the generated charge is collected 
only by that pixel producing a full 25kV X-ray spectrum, while on the neighbouring 
pixel only a noise edge is visible, which is below the energy threshold set. As the 
beam approaches the edge of that pixel and starts to move in the inter-pixel gap and 
towards Pixel 5, the charge starts getting shared between both pixels and eventually 
collected only by Pixel 5.
5.3.3 R esults of Line Scans
Since the X-ray tube produces a spectrum of energies with only the maximum energy 
being set by the user, it was not possible to use the same analysis method as with 
the Diamond data. With the Diamond experiment the position of the centroid of the 
monochromatic photopeak was recorded as a function of beam position, giving us 
information about the charge collected by each pixel. A slightly different approach 
was used for the analysis of the X-ray data taken at RAL as it will be shown in this 
section.
Starting with the 40kV beam data the number of counts per pixel was recorded for 
each beam position using three different multiplicity filter parameters and also by 
using two energy gates thus splitting the beam spectrum into lower energies and 
higher energies. The two energy gates set were 15-26keV (90-150 in channels, ’low 
gate’) and 26-40keV (150-250 in channels, ’high gate’). The three multiplicity filter 
parameters were no filter (counting all events of all multiplicities), M=1 (counting
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only single events, only one pixel recording a hit each time) and M—2 (counting only 
double events, both pixels recording a hit simultaneously each time).
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Figure 5.35: Arrayl, 40kV beam at 300V bias. Counts vs Position with low gating.
Figure 5.35 displays the results of this analysis for the low gate setting (15-26keV) 
and for the two cases where the first the steering electrode was left unbiased and 
then when it was biased at -15V. In both cases it is shown that the majority of 
events are made up of M=1 events and with the M=2 events increasing and playing 
a relatively significant role as the beam moves in the inter-pixel gap. What the 
figure also shows is that the biased steering electrode has no obvious impact on the 
ratio between M=1 and M=2 events.
The results for the high gate setting (26-40keV) are presented in Figure 5.36, which 
shows that for this range of energies the amount of charge sharing is reduced com­
pared to the low gate setting. The amount of M=2 events remains low throughout 
the movement of the beam and does not increase as in Figure 5.35, and also the 
steering electrode does not have any effect. One would expect that the higher range
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Figure 5.36: Arrayl, 40kV beam at 300V bias. Counts vs Position with high gating.
of energies would have as a result an increased amount of charge share, however, 
that is not the case most probably due to the significantly lower number of counts 
due to the shape of the beam spectrum.
Repeating the same analysis for the 25kV beam and using the low gating, since the 
maximum beam energy is 25keV, we get the results seen in Figure 5.37. This figure 
shows that again the amount of charge sharing is minimal and with the steering 
electrode having no impact. Compared, however, to Figure 5.35, which incorporates 
the same range of energies, it is seen that there is less charge share with the 25kV 
beam than with the 40kV, probably due to the fact that the 25kV beam does not 
produce any K-shell fluorescence.
Finally, a lower detector bias (-150V) was used with the 25kV in order to assess the 
effect of a lower detector bias, which lowers the charge collection efficiency and also 
allows the charge cloud to increase its size through diffusion due to the longer drift 
time. Also, another interesting factor is the higher ratio between cathode bias and
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Figure 5.37: Arrayl, 25kV beam at 300V bias, Counts vs Position with low gating.
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Figure 5.38: Arrayl, 25kV beam at 150V, Counts vs Position with low gating.
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steering electrode 10% instead of 5% in the other cases. The results presented in 
Figure 5.38 show the overall number of counts is reduced with an increased amount 
of charge sharing in the case of the unbiased steering electrode. Biasing the steering 
electrode seems to reduce the amount of this charge sharing, possibly due to the 
higher bias ratio between the steering electrode and the cathode, which, as the 
simulations showed, would accentuate the effects of the steering electrode on the 
electric field distributions.
The number of counts at different beam positions only gives one set of answers, in 
terms of charge sharing and the effect a steering electrode has. So the number of 
M=1 and M=2 events was plotted but for a single position in the middle of the gap 
while varrying the energy gate from OkeV to the maximum energy in windows of 15 
channels (or 25 channels for the 40kV beam).
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Figure 5.39: Array 1, multiplicities with varying gate for mid-gap position (25kV).
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Each set of a blue and a red bar in Figures 5.39(a) and (b) represents the amount 
of M=1 and M=2 events as a percentage of the total number of counts recorded for 
that mid-gap position and for a specific energy window. The line plots also shown, 
represent the absolute values of the M=1 and M=2 eounts for the same conditions 
for a more comprehensive comparison and for statistical reasons. It is seen that in 
the range of energies between about 7-22keV (45-120 in channels) the contribution 
of charge sharing and hence of M=2 events increases up to about 40% with the M=1 
events decreasing (Fig. 5.39(a)), with the steering electrode having no real effect in 
the amount of charge sharing within this energy range (Fig. 5.39(b)).
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Figure 5.40: Array 1, multiplicities with varying gate for mid-gap position (40kV).
Increasing the maximum beam energy to 40keV increases the amount of charge share 
and M=2 events, as expected due to the increased initial charge cloud size, with the 
ratio between M=1 and M=2 events being roughly 50%-50% for the 7-26keV range
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(Fig. 5.40). Again, the use of the steering electrode does not seem to have any effect 
on the amount of charge sharing for the same range of energies, with the difference 
in M=1 and M=2 events between Figures 5.40(a) and (b) at the high end of the 
energy spectrum not being significant enough since the number of counts is so low 
as seen in the plots with the absolute values.
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Figure 5.41: Array 1, multiplicities of 25kV with varying gate for mid-gap position, 
compared to 40kV results.
In order to compare more directly these two beam energy cases the 25kV beam was 
analysed again using the same gating steps (energy windows) and range as the 40keV 
beam. The results are shown in Figure 5.41, which validates what was mentioned 
earlier that the amount of charge sharing is higher with the 40keV for the same 
range of energies.
Finally, for the case where the cathode was biased at -150V the results are presented
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in Figure 5.42, which shows the significantly increased amount of charge sharing with 
the M= 2  events being between 60% and 90% of the total counts. Also, there does 
not seem to be a difference when the steering electrode was biased in the percentage 
of M=2 events even though they to seem to be reduced in terms of absolute numbers.
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Figure 5.42: Array 1, multiplicities with varying gate for mid-gap position at 150V 
(25kV).
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As a comparison, the results from the Array 4 data analysis are presented below. 
Figure 5.43 shows the counts per pixel for all the different multiplicity filters, and 
Figure 5.44 the percentage and absolute values of M=1 and M=2 events. In both 
figures is seen that the amount of charge sharing is minimal with the M=1 events 
being almost 100% throughout the movement of the beam (Fig. 5.43) and also 
through the whole range of energy gatings (Fig. 5.44(a)) with the steering electrode 
having no effect.
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Figure 5.43: Array4, 25kV beam at 300V bias. Counts vs Position with low gating.
This was somewhat expected as the large inter-pixel gap, the high cathode Idas and 
the low energy beam do not allow for significant charge sharing. Finally, the slight 
increase in M= 2  events and the strange shape of the M=1 line in Figure 5.44(b) 
are most likely due to the low number of total counts, which allows for such small 
statistical fluctuations.
As a conclusion it can be said that having an X-ray beam that has a spectrum 
of energies instead of a monochromatic beam makes the analysis and the study of
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Figure 5.44: Array 4, multiplicities with varying gate for mid-gap position at 300V 
(25kV).
charge sharing effects and charge loss between pixels very challenging. However, the 
above analysis showed that in a pixelated detector with a small pixel size and gap 
the amount of charge sharing is affected to a small extent by the beam energy (depth 
of interaction and characteristic X-rays) and to a larger extent by the cathode bias 
(diffusion). Also, the use of a steering electrode does not seem to have any significant 
effect on charge sharing unless the bias applied to the steering electrode is at least 
1 0 % of the bias applied to the cathode.
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5.4 Sum m ary
The previous analysis of our experimental data has demonstrated the good energy 
resolution of our PIXIE detectors, mainly for Array 4 where the large pixel size and 
gap does not allow for increased charge sharing. Also, the steps taken to optimise 
the analysis software in order to get these results were presented. Charge sharing 
and the effect of steering electrodes was investigated using collimated X-ray beams. 
It was shown that it is important to gain match correctly the pixels of the arrays, by 
calibrating them, since it can affect dramatically the energy resolution of the summed 
spectra. After gain matching, the two detectors displayed an energy resolution of 
2.2keV and 3.2keV FWHM at 59.5keV for Array 4. With both detectors the main 
challenge was the poor performance and unusual behaviour of Array 1  in terms of 
charge sharing. One of the main conclusions is that decreasing the pixel size and 
pixel gap the number of multiple event increases, while M=1 events are reduced. 
The synchrotron beam experiment showed that the large inter-pixel gap of Array 4 
is the cause of charge loss, as in Array 3, but the amount of charge loss witnessed 
in our results is probably due to the fact that the steering electrode was shorted to 
one of the pixels of Array 1. This can be supported by the simulation results and 
the behaviour of Array 1 , which showed very poor spectroscopy and charge sharing 
similar to Array 4 and was not used for that reason in the experiment.
The study of the QuikPak detector showed that increasing the cathode bias improves 
detector performance due to improved collection efficiency. Biasing the steering elec­
trode had no effect in the spectroscopic performance of Arrays 1  and 4. This com­
bined with the fact that the performance of Array 4, which has a steering electrode 
around all nine pixels, is slightly worse than in the Redlen PIXIE device (steering 
electrode only around four pixels), suggests that the steering electrode was again 
shorted to Array 1 .
However, one could say that the X-ray beam results of the QuikPak detector are
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hinting towards the fact that the steering electrode can reduce charge sharing when 
the cathode is at a relatively low bias and the bias of the steering electrode is high 
enough compared to the cathode (>10%). Care needs to be taken though to make 
sure that in this case the leakage currents are not too high, which would affect the 
detector’s performance. Finally, the main result is that the amount of charge sharing 
is affected to an extent by the beam energy (depth of interaction and characteristic 
X-rays), but the cathode bias, and the amount of diffusion of the charge cloud, plays 
a bigger role.
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Chapter 6
Conclusions and Future Work
6.1 C onclusions
A lot of research has gone into CdZnTe (CZT) as an attractive alternative to Si 
and Ge in the fabrication of X-ray and y-ray semiconductor detectors. The main 
properties that make it such an interesting material are its large band gap and high 
Z number, which allow it to be used in a variety of applications. Even though CZT 
has good electron transport properties it suffers from poor hole transport properties, 
which can be up to two orders of magnitude smaller, in terms of mobility lifetime 
product than the electrons. This characteristic has a negative effect on the
spectroscopic performance of CZT detectors by creating a slow component in the 
output signal, which varies with interaction depth. This has lead in the adoption 
of segmented anode structures in the form of strips or pixels so that the resulting 
output signal is dominated only by the fast electron component. This is due to the 
weighting potential of the anode increasing rapidly only in the area near to the pixel, 
known as the small pixel effect. Even though this solution solves the issue of the 
poor hole transport, it introduces new effects and problems like charge sharing and 
charge loss between pixels, which can affect detector performance. The introduction 
of a steering electrode between pixels biased at a potential slightly higher than the
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anodes has shown encouraging results in reducing charge sharing and charge loss, 
but it comes with its own drawbacks mainly increased noise, due to the currents 
between the electrode and the pixels, and some charge loss due to a low resistivity 
surface layer.
In order to study all the aforementioned phenomena and the effect of steering elec­
trodes, the PIXIE ASIC and a dedicated anode structure were created as part of the 
HEXITEC collaboration. Two detectors were fabricated, bonded and tested using 
this ASIC and anode structure, initially with sealed sources to investigate the overall 
performance and subsequently using collimated X-ray beams for an in depth study 
of charge sharing and the steering electrode. Simulations were also carried out in 
parallel using the Silvaco ATLAS software package, in an attempt to model CZT as 
a semiconductor material and also to try and simulate one of the collimated beam 
experiments in order to try and compare with the experimental results.
Silvaco ATLAS is a modelling program that provides answers to the electrical be­
haviour of user defined semiconductor devices. By simulating and performing cal­
culations on planar devices, CZT was modelled as a material with a resistivity 
p = 2 x  Ocm, which is a realistic value. This material definition did not include 
any traps because the software was unable to simulate their behaviour successfully. 
The second part of the modelling concentrated in simulating electric fields, weighting 
potentials and charge transport in detectors with the PIXIE anode structure and 
how these are affected with the introduction of a steering electrode. The simula­
tions showed that by using a steering electrode the electric field around the anodes 
changes in such a way that any charge that is created in the inter-pixel region and is 
moving towards the inter-pixel gap will be steered towards the anode pixels without 
getting lost, improving charge collection. With the same logic a charge cloud that is 
created near the pixel edge instead of spreading over the two pixels, and pixel gap, 
will be mainly collected by only one pixel thus reducing charge sharing. Finally, col­
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limated beam experiments were simulated, which showed that a steering electrode 
biased over a certain threshold, which depends on the anode geometry, will reduce 
charge loss in the inter-pixel region. It was also shown that if the steering electrode 
is shorted (or at the same potential) to an anode pixel a significant amount of charge 
will be lost through it as it will not be collected by the anodes.
The two PIXIE devices that were tested (not in parallel) were fabricated using 
different methods, but produced similar results. The first device that was fabricated 
at the University of Surrey displayed a summed spectrum energy resolution of 2.2keV 
at 59.5KeV and 4.5keV at 120keV for the bigger of the 3 operational arrays, with 
the resolution decreasing as the pixel size decreased due to the increased amount 
of charge sharing. The device was then tested at the Diamond synchrotron using a 
collimated, 20[im diameter, monochromatic 26keV X-ray beam in order to study the 
effect of the steering electrode. The results, combined with the simulation results, 
showed that the steering electrode was most likely shorted during bonding to one 
of the pixels of Array 1 , which introduced a large percentage (%78%) of charge loss 
that didn’t change when the steering electrode was biased. The second device was 
fabricated by a specialised company and was tested in a similar fashion as the first 
one, which produced a summed spectrum energy resolution of 3.2keV at 59.5keV for 
Array 4. It was shown that the energy resolution deteriorated to 4.5keV when the 
cathode bias was reduced from -300V to -lOOV due to the increase in charge sharing 
as a result of the diffusion of the charge cloud. Biasing the steering electrode had no 
effect on charge sharing as the number of M= 1  and M>1 events remained the same 
with the steering electrode biased or disconnected. The device was tested at RAL 
using a collimated X-ray beam with a range of energies, which made the analysis 
of the data very challenging. Using energy gating for the analysis showed that in a 
pixelated detector with a small pixel size and gap, charge sharing is affected more by 
the cathode bias (diffusion) rather than the energy of the incident radiation (depth of
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interaction and characteristic X-rays). Finally, it showed that the steering electrode 
had no effect in terms of charge sharing, which suggests, taking into account the 
performance of Array 1 , that the steering electrode was again shorted to an anode 
pixel.
6.2 Future W ork
CZT is still being researched intensely as a radiation detection material in order to 
find ways to improve its performance [27,82,83], whilst already being used in various 
applications and other research [84-86]. Also, different groups are using various 
methods and software to simulate CZT [57,77,87,88] as accurately as possible in 
order to find ways of studying it efficiently given the cost of manufacturing good 
quality CZT in bulk. Overall, CZT is attracting a lot of attention as a material that 
can be used in a number of different applications, from general research to medical 
imaging and astrophysics.
As part of this continuing research and development, this work has shown that the 
performance of a pixelated CZT radiation detector is affected by a number of factors 
like charge sharing, charge loss and the use of steering electrodes. The need for pix­
elated radiation detectors with constantly decreasing pixel sizes in applications like 
medical imaging, requires reliable solutions for the issue of charge sharing. Previous 
research on bigger pixel size detectors [62] and simulations [57] have shown that 
the use of steering electrodes is a promising direction towards that goal, but as it 
was demonstrated in this project extreme care needs to be taken and methods and 
equipment to be perfected for the steering electrodes not to be shorted to an anode 
pixel as that is very detrimental to the performance of the detector. Also, Silvaco 
ATLAS has proven to be a helpful software package as a first step in modelling basic 
features and properties of CZT. However, there appear to be certain drawbacks that 
make it challenging to realistically simulate CZT without the need for advanced
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programming skills.
For a better investigation of the phenomena described in this thesis using the PIXIE 
system, which has shown significant potential, there are a few directions that can be 
taken. It would be interesting if the existing QuikPak device could be tested with 
a monochromatic X-ray beam at the Diamond synchrotron for a direct comparison 
with the Redlen PIXIE device and determine if the steering electrode was actually 
shorted by studying the loss of charge (if any) in the inter-pixel gap. Finally, more 
PIXIE devices could be fabricated, with a parallel effort of perfecting the bonding 
process, making sure that the steering electrode is not shorted and repeating per­
formance and collimated beam testing with a fully operational device and under 
a number of different conditions like varying cathode bias and incident radiation 
energies.
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Appendix A
Simulation Code
A .0.1 Planar CZT device - R esistiv ity  Calculation
go atlas
mesh space.mult=3.0
#
x.mesh loc=0.00 spac=30 x.mesh loc=10000 spac=30 
#
y.mesh loc= 0 . 0 0  spac=l y.mesh loc= 1 0 . 0 0  spac= 1 0  
y.mesh loc=100 spac=10 y.mesh loc=1000 spac=40 
y.mesh loc=1900 spac=10 y.mesh loc=1990 spac=10 
y.mesh loc= 2 0 0 0  spac=l 
#REGION
region number=l material=CdZnTe
#ELECTRODES
electr name=anode top
electr name=cathode bot
^contact name=anode workfunction=5.1
^contact name=cathode workfunction=5.1
doping p.type conc=7e7 uniform
#MODEL
model srh print temperature=300 
#MOBILITY
mobility MUP=20 MUN=900 TMUN=1.1 TMUP=2 
#MATERIAL
material material=CdZnTe TAUN0=5e-6 TAUP0=5e-7 NC300=7.5el7 NV300=1.8el9
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EG300=1.55 EGALPHA=4e-4 EGBETA=170 AFFINITY=4.5 PERMITTIVITY=10.9 
M.VTHN=0.11 M.VTHP=0.7 REAL.INDEX= 1  IMAG.INDEX=10 
method newton trap 
solve init
solve vcathode=-l vstep= 0 . 1  vfinal=l name=cathode
T^solve vcathode=300
#RESISTIVITY
extract name==”res” grad from curve(i.”cathode”, v.”cathode”) where y.val=0 . 2
extract name=”rho” $res*5e-4
output e.field
output band.temp
save outfile=GdZnTe_planar.str
tonyplot GdZnTe_planar.str
tonyplot GdZnTe_planar.log
quit
A .0.2 CZT PIX IE D evice (Array 1) - Beam  Sim ulation
go atlas mesh space.mult=3.0
#
x.mesh loc=0.00 spac=3 x.mesh loc=775.00 spac=3 
#
y.mesh loc=0.00 spac=3 y.mesh loc=1000.00 spac=18 y.mesh loc=2000 spac=3 
#REGION
region number=l material=GdZnTe 
#ELEGTRODES
electr name=base x.min^O.OO x.max=25.00 y.min=-0.1 y.max=0 
electr name=gate x.min=50.00 x.max=225.00 y.min=-0.1 y.max=0 
electr name=base x.min=250.00 x.max=275.00 y.min=-0.1 y.max=0 
electr name=anode x.min=300.00 x.max=475.00 y.min=-0.1 y.max=0 
electr name=base x.min=500.00 x.max=525.00 y.min=-0.1 y.max=0 
electr name=source x.min=550.00 x.max=725.00 y.min=-0.1 y.max=0 
electr name=base x.min=750.00 x.max=775.00 y.min=-0.1 y.max=0 
electr name=cathode x.min=0 x.max=775 y.min=2000 y.max=2000.1 
contact name=base workfunction=5.1 
#GURRENT (for fioating electrode) 
contact name=anode workfunction=5. 1
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contact name=gate workfunction=5.1 
contact name^source workfunction=5.1 
contact name=cathode workfunction=5.1 
doping p.type conc=7e7 uniform 
#MODEL
model srh print temperature=300 
#MOBILITY
mobility MUP=20 MUN=900 TM U N ^l.l TMUP=2 
#MATERIAL
material material=CdZnTe TAUN0=5e-6 TAUP0=5e-7 NC300=7.5el7 NV300=1.8el9 
EG300=1.55 EGALPHA=4e-4 EGBETA=170 AFFINITY=4.5 PERMITTIVITY=10.9 
M.VTHN-0.11 M.VTHP=0.7 REAL.INDEX= 1  IMAG.INDEX=10 
#BEAM
energy=26keV beam num =l x.origin=400 y.origin=2010 angle=270.0 wavelength=0.000048 
x.min= - 1 0  x.max= 1 0  
solve init
method newton DT.MIN=le-9 DT.MAX=le - 8  
log outhle=GdZnTe_pixie.log 
solve vanode= 0  
solve vgate= 0  
solve vsource= 0  
solve vbase=-30 ^biased SG 
solve vcathode=-300 
#
log outfile=GdZnTe_pixie.log
solve b l= 5  ramp.lit ramptime=le-9 tstop=le-9 tstep=le-9
solve b l= 0  ramp.lit ramptime=le-9 tstop=200e-9 tstep= le - 8
output e.field
output e.lines
output fiowlines
save outf=GdZnTe_pixie.str
tonyplot GdZnTe_pixie.str
tonyplot GdZnTe_pixie.log
quit
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